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Chapter 1
Introduction
This thesis describes work towards the search for a low energy excess in MicroBooNE. What
MicroBooNE is, what the low energy excess is, and how one searches for the latter in the
former will be described in detail.
To begin, Chapter 2 will provide some introductory theoretical background about neutri-
nos both within and beyond the Standard Model of physics. Following that, Chapter 3 will
describe the MicroBooNE detector, located at the Fermi National Accelerator Laboratory
in Batavia, Il. This detector employs a liquid argon time projection chamber (LArTPC),
a relatively new technology for neutrino detection, especially at the size of MicroBooNE
(with order of meters drift distance). Next, Chapter 4 will describe the Booster Neutrino
Beam (BNB), the beam of neutrinos produced at Fermilab by colliding primary protons
with a beryllium target and focusing the outgoing charged secondaries. The relatively large
uncertainties associated with the neutrino flux will be introduced, which are particularly
important for the analyses described in this thesis. Chapter 5 goes on to describe in detail
the excess of electron-like events seen in primarily νµ beams, first by the LSND collaboration
and then again by the MiniBooNE collaboration. Ultimately the MiniBooNE collaboration
was unable to resolve whether the excess is of electron-like events, or photon-like events
due to limitations of the detector technology. For this reason, the MicroBooNE experiment
was proposed to measure the same neutrino beam at a similar location to MiniBooNE, but
with the different LArTPC detector technology that has photon/electron discrimination
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capabilities.
Chapter 6 describes a simulation-based analysis done to estimate the sensitivity of the
MicroBooNE detector to measure a MiniBooNE-like excess, with some assumptions about
that excess. This is an important analysis to identify which sources of backgrounds are
most relevant to this search in order to step closer to an eventual search for the excess in
MicroBooNE data. As will be described, the dominant background to this search is the
intrinsic νe contamination in the beam, about half of which come from K
+ production at
the BNB proton target. There is a relatively large flux uncertainty associated with with
this K+ production, which is the subject of Chapter 7.
Chapter 7 presents the first steps toward a K+ production at the BNB primary pro-
ton target measurement in MicroBooNE. This analysis selects and analyses high energy νµ
interactions in MicroBooNE, which provide a pure sample of νµ from K
+ decay. The in
situ measurement of these interactions is used to constrain the aforementioned important
intrinsic νe from K
+ background for the low energy excess search.
In order to make the kaon production measurement, calculating the energy of several-
GeV muons from νµ interactions in MicroBooNE is a necessary step. Given the muon
kinematics in liquid argon, these particles travel on average many meters and almost al-
ways exit the active detector volume. Appendix A presents a publication (whose first
author is the author of this thesis) describing in detail the multiple Couloumb scattering
based method used to estimate the energy of muons which exit a LArTPC. The publication
describes important discovery made about the underlying phenomenological formula which
past LArTPC neutrino experiments have neglected: the formula needs to be re-tuned for
use specifically in liquid argon.
The thesis concludes with a summary of the results of the three analyses described,
along with the future prospects for those analyses and for the MicroBooNE experiment in
general.





2.1 Introduction to Neutrinos
In 1914, James Chadwick measured the energy spectrum of outgoing electrons in beta decay
and showed that the spectrum was continuous [1], though it was expected to consist of one
discrete, well defined value due to the presumed two-body nature of the decay. While some
chose to believe that a lack of energy conservation is the underlying cause of the continuous
spectrum, in 1930 Pauli proposed (translated from German) [2]:
“...in the nuclei there could exist electrically neutral particles, which I will call
neutrons, that have spin 1/2 and obey the exclusion principal and that further
differ from light quanta in that they do not travel with the velocity of light...
The continuous beta spectrum would then make sense with the assumption that
in beta decay, in addition to the electron, a neutron is emitted such that the
sum of the energies of neutron and electron is constant.”
Though Pauli named the particle a “neutron” (a name later used for the subatomic particle
comprised of two down quarks and one up quark), his prediction was otherwise correct.
Only 26 years later in 1956, the first neutrino was observed.
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Neutrinos make up three of the six leptons in the Standard Model of particle physics.
There are three flavor eigenstates, each of which are paired to one of the other three leptons:
electron neutrinos (νe), muon neutrinos (νµ), and tau neutrinos (ντ ). Each neutrino has an
antiparticle partner, the antineutrino. Neutrinos are particularly elusive because they are
electrically neutral and only interact through the weak interaction and gravity. The number
of active neutrino flavors is constrained to three (2.984 ± 0.0082) by precision measurements
of the Z decay width [3].
The flavor of a neutrino is determined by measuring the outgoing lepton in charged cur-
rent neutrino interactions. In such an interaction, a νe produces an electron, a νµ produces
a muon, and a ντ produces a tau.
2.2 Neutrino Oscillations
It was until 1968 that neutrinos were widely believed to be massless. In this year, Ray Davis
and collaborators were measuring neutrinos originating from within the sun (“solar neutri-
nos”) by studying charged-current νe interactions on chlorine atoms. They measured only
one third as many neutrino interactions as expected, a fact which wasn’t fully understood
until 2001. By combining results from other experiments (including from the Kamiokande
experiment in Japan measuring a deficit of νµ from cosmic ray interactions in the atmo-
sphere in 1998 [4], and from the Sudbury Neutrino Observatory (SNO) experiment [5]),
the idea that neutrinos oscillated from one flavor to another became widely accepted.
Neutrino oscillations occur when a neutrino produced as one flavor eigenstate changes
to another flavor eigenstate after propagating a distance, L. Oscillation is only possible
because the three mass eigenstates are non-zero and are different than the three flavor
eigenstates. Neutrino propagation happens as a mixture of mass eigenstates with different
DeBroglie wavelengths, which constructively and destructively interfere with one another.
The mass eigenstates are referred to as ν1, ν2, and ν3 with masses m1, m2, and m3 respec-
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tively. While the absolute masses are yet unknown, the mass-squared splitting between the
masses have been measured (∆mi,j = m
2
j − m2i ). This introduces two possible ordering
configurations of the neutrino masses: the “normal” hierarchy in which m1 < m2 < m3,
and the “inverted” hierarchy, in which m3 < m1 < m2. The two hierarchy possibilities
are depicted in Figure 2.1 [6]. As seen in the figure, the larger of the two mass splittings
is referred to as ∆m2atm and the smaller of the two is referred to ∆m
2
sol because they are
generally measured with atmospheric neutrinos or solar neutrinos, respectively.
Figure 2.1: The neutrino mass hierarchy possibilities. The flavor eigenstate fraction for
each mass eigenstate is shown by the relative amount of gray, red, or blue in each bar.
A neutrino mass eigenstate can be expressed as a quantum superposition of flavor eigen-
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where |νi〉 represents the ith mass eigenstate (i = 1, 2, 3) and |να〉 represents the flavor
eigenstate (α = e, µ, τ). Generally the PMNS matrix is factorized into three matrices



















where “c” stands for cos and “s” stands for sin.
In general, an experiment searching for neutrino oscillations has the choice of search-
ing for appearance or disappearance. In appearance experiments, a neutrino of one known
flavor is produced (flavor α), and one attempts to measure that neutrino as another flavor
(flavor β). Appearance searches have the added benefit of potentially shedding light on
CP violation, which leads to appearance probabilities P (να → νβ) 6= P (να → νβ). In
a disappearance search, neutrinos of known flavor are produced at a known rate, and a
decreased rate (deficit) of that same neutrino flavor is measured a distance away. Since
P (να → να) = P (να → να), disappearance searches allow for the combination of neutrino
and anti-neutrino data for increased oscillation sensitivity.
A classic graduate-student quantum mechanical qualification exam question is to deter-
mine an oscillation probability assuming only two neutrinos. This can be parameterized
with one effective mixing angle, θ, and the nominal rotation matrix
U =
 cos θ sin θ
−sinθ cosθ
 . (2.3)
A neutrino of flavor να will propagate as the superposition of the two mass eigenstates, ν1
and ν2
|να(t)〉 = cos(θ)e−iE1t |ν1〉+ sin(θ)e−iE2t |ν2〉 (2.4)
Using the relativistic approximation (which is valid for neutrinos of almost any momenta,
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p, given their small mass, m)




the oscillation probability for a neutrino of flavor α to be detected as flavor β after traveling
a distance L at approximately the speed of light is given by







where the 1.27 factor comes from a proper handling of units including h¯ and c. The L/E
frequency modulation of oscillations is characteristic of two neutrino measurements, for
example as beautifully demonstrated by the KamLAND collaboration measuring ∆m221
and θ12 with nuclear reactor anti-neutrinos, as shown in Figure 2.2 [7].
Figure 2.2: Results from the KamLAND collaboration measuring the survival probability
of νe from nuclear reactors. A clear oscillation as a function of L/E as predicted by the
two-neutrino model is shown.
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2.3 Sterile Neutrinos
While is is well known that there are only three active neutrino flavor states from the
measured width of the Z decay, it is possible to introduce one or more “sterile” neutrino
states which do not couple weakly. Each addition of a sterile neutrino adds a row and





where N is the number of additional sterile neutrinos added to the model.
Proposing the existence of one or more sterile neutrino eigenstates was inspired by the
results of the LSND and MiniBooNE experiments, which are discussed in more detail in
Chapter 5. LSND observed an excess of νe-like interactions in a νµ beam [8]. When fit to
the three-neutrino oscillation model, the excess strongly disagreed with other measurements
of neutrino mixing angles and ∆m2 values. The fit value of ∆m2 was on the order of 1
eV 2, orders of magnitude higher than previously measured values of ∆m212 and ∆m
2
23. The
existence of one or more sterile neutrinos could explain this drastically different measured
∆m2 value, since new additional mass eigenstate(s) are included in the propagating su-
perposition, therefore changing neutrino oscillation probabilities. Including this measured
sterile neutrino mass splitting in the “normal” or “inverted” hierarchy is shown in Figure
2.3 [9].
Following the LSND experiment, the MiniBooNE experiment was proposed to search
for oscillations with a similar mass splitting to that measured by LSND. In 2010, Mini-
BooNE observed a two anti-neutrino oscillation appearance-only measurement consistent
with LSND over the null oscillation hypothesis at the 98% confidence level.
The following chapter of this thesis provides an introduction to the MicroBooNE de-
tector, which was proposed to search for the same MiniBooNE excess but with a different
detector technology.
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Figure 2.3: Mass hierarchy with one heavy sterile neutrino included. The δm2 from LSND
is incorporated.
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Chapter 3
The MicroBooNE Detector
The purpose of this chapter is to explain the technical details of the MicroBooNE detector.
An understanding of how a liquid argon time projection chamber like MicroBooNE works
is crucial for understanding the results of analyses described in later chapters. Using this
specific detector technology gives rise to certain backgrounds in measurements which are
relevant to MicroBooNE that may not be relevant for other experiments using different
detection techniques, like MiniBooNE. Additionally, understanding how the detector works
sheds light on what detector-specific uncertainties are present in MicroBooNE analyses.
3.1 Introduction
The MicroBooNE (the Micro Booster Neutrino Experiment) detector [10] is a ∼60 ton fidu-
cial mass (170 ton total mass) liquid argon time projection chamber (LArTPC) contained
within a cylindrical cryostat, located on-axis of the Booster Neutrino Beam-line (BNB) 470
meters downstream from the neutrino production target at the Fermi National Accelerator
Laboratory (FNAL) in Batavia, Illinois. A schematic of how a LArTPC works is shown in
Figure 3.1. A LArTPC involves a detector medium in an external electric field. Particles
traversing the medium both create scintillation light, which are observed by photomultiplier
tubes (PMTs, not shown in Figure 3.1) and leave trails of ionization electrons. These ion-
ization electrons are drifted by the electric field past a number of closely spaced wire planes
at different pitch angles. The signals generated in each plane as the electrons either pass
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close to wires or are collected on wires are what are used to create a two-dimensional image
of the event. Combining information from multiple planes along with that from the PMTs
allows for the creation of three-dimensional reconstructions of the event. Additionally, the
relative size of the signals on the wire planes provide calorimetric information, which is used
for particle identification capabilities.
The main components of the MicroBooNE TPC (the TPC, the light collection system,
and the readout and triggering system) are described in the following sections.
Figure 3.1: A cartoon schematic of how a LArTPC works. Ionization electrons from par-
ticles traversing the detector medium are drifted by an electric field, Edrift past multiple
planes of sense wires. The signals on those wires create several two-dimensional images
of the event, which are combined to create a three-dimensional reconstruction of the event.
Note that in a LArTPC, PMTs are used to collect scintillation light, but are not drawn in
this diagram.
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3.2 Time Projection Chamber
The time projection chamber (TPC) used in the MicroBooNE experiment is a rectangular
prism with dimensions 2.3 m vertical × 2.6 m horizontal × 10.4 m length (along the beam
direction). The 8256 stainless steel sense wires forming the anode planes have a plane-to-
plane spacing of 3 mm, and the wires on each plane are separated with a 3 mm wire pitch.
The wires are connected to application-specific integrated circuits (ASICs) which operate
at liquid argon temperatures. There are three wire planes. The first two planes (from the
point of view of drifting electrons) each consist of 2400 wires and are induction planes, at
angles ±60 degrees relative to the vertical. The third wire plane consists of 3456 wires and
is a collection plane, with vertically oriented wires. The electric field is created by a series
of 64 2.54 cm diameter stainless steel pipes shaped into a rectangular loop held in place
by a frame built of G10, forming the field cage. The negatively charged cathode is held
at a high voltage (operating voltage is 70kV), and this voltage is incrementally stepped
down across the field cage tubes with a voltage divider chain, with an equivalent resistance
of 250 MΩ between each tube. The distance from center-to-center of adjacent field cage
loops is 4 cm. This creates a uniform electric field within the LArTPC. A 3D rendering
of the MicroBooNE TPC within the cryostat is shown in Figure 3.2. A summary of the
MicroBooNE LArTPC design parameters and nominal operating conditions are described
in Table 3.1 [10].
3.3 Light Collection System
An important ingredient to the ultimate 3D reconstruction of particle interactions within a
LArTPC is the light collection system. While the wire signals alone suffice to reconstruct
3D interactions, the absolute timing of the event (referred to as t0) is unknown so there
is ambiguity in the drift direction. Since the time scale with which scintillation light is
created and propagates (nanoseconds) is orders of magnitude faster than that with which
ionization electrons drift (milliseconds), measuring this light allows to clarify this ambiguity
to high precision. Additionally, the scintillation light from interactions is relatively local-
ized, and therefore combining the measured PMT signals with the physical position of the
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Figure 3.2: A 3D rendering of the MicroBooNE detector. The rectangular time projection
chamber (TPC) fits within the cylindrical cryostat. The feedthroughs along the top allow for
the PMT and sense wire signals to be read out to the DAQ. Not shown are the photomultiplier
tubes (PMTS) located on the wall behind the sense wire planes.
signal allows to match individual flashes of light with different interactions, which may have
different t0s. This is important to help tag and reject cosmic-induced backgrounds which
may arrive outside of the expected beam neutrino arrival times.
The light collection system in MicroBooNE consists of 32 8-inch diameter Hamamatsu
R5912-02mod cryogenic PMTs. These PMTs are mounted in a plane behind the three sense
wire planes. The physical location of these PMTs is shown in Figure 3.3. These 32 PMTs
provide 0.85% photocathode coverage. Each PMT has mounted in front of it an acrylic
plate, as shown in Figure 3.4. This plate is coated with TPB, an organic fluor which serves
as a wavelength-shifting material. TPB absorbs the VUV scintillation light photons (128
nm wavelength in liquid argon) and re-emits it at visible wavelengths detectable by the
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Table 3.1: MicroBooNE LArTPC design parameters and nominal operating conditions.
Parameter Value
# Anode planes 3
Anode planes spacing 3 mm
Wire pitch 3 mm
Wire type SS, diam. 150 µm
Wire coating 2µm Cu, 0.1µm Ag
Design Wire tension 6.9N ± 1.0N
# wires (total) 8256
# Induction plane (U) wires 2400
# Induction plane (V) wires 2400
# Collection plane (Y) wires 3456
Wire orientation (w.r.t. vertical) +60◦,-60◦,0◦ (U,V,Y)
Cathode voltage (nominal) -128 kV
Bias voltages (U,V,Y) -200 V, 0 V, +440 V
Drift-field 500 V/cm
Max. Drift Time, Cathode to U (at 500 V/cm) 1.6 ms
# Field-cage steps 64
Ring-to-ring voltage step 2.0 kV
PMTs, peaked at 425 nm.
3.4 Electronics, Readout, and Triggering
Both of the two main subsystems of the MicroBooNE LArTPC (the TPC sense-wire planes
and the optical PMTs) create analog signals which must be read out and digitized for use
in analyses. This process involves amplification and shaping of the signals, and ultimately
ends with the data acquisition (DAQ) software writing the digitized data to disk. While
the readout is designed to have an additional data stream that continually writes to disk
(designed with the hopes of measuring neutrino interactions from a potential future super-
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Figure 3.3: A side-on view of the MicroBooNE detector showing the location of the 32 PMTs
(labeled “optical units”) and the four light guide paddles.
nova explosion), the primary data stream reads out and stores signals only for a brief period
of time when a hardware trigger is issued. The specifics of the readout and triggering for
MicroBooNE are discussed in this section.
A schematic overview of the TPC and PMT signal processing and readout stages is
shown in Figure 3.5. The analog signals from the 8256 sense wires in the TPC pass through
CMOS analog front end ASICs which operate on cold motherboards at liquid argon tem-
peratures. The signals are then shaped and amplified by cold intermediate amplifiers before
passing through a warm feed-through. The signals are received by custom-designed LArTPC
readout modules distributed over nine readout creates, which digitize the signals and pro-
cess them. The TPC wire signals are digitized at 16 MHz and then down-sampled in the
digitization process to 2 MHz. The TPC system reads out four 1.6 ms frames of wire signal
data associated with one event. This time is chosen based on how long it takes ionization
electrons from the cathode side of the TPC to drift to the anode wires (roughly 1.6 ms
depending on drift field). Reading out one frame before a trigger is issued, along with two
frames after ensures enough data is available to identify both a neutrino interaction, as well
as all cosmic ray signals that arrive soon enough before or after the neutrino which need to
be reconstructed in analyses.
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Figure 3.4: A picture of one of the 8 inch Hamamatsu R5912-02mod cryogenic photomul-
tiplier tubes (PMT) used in the MicroBooNE detector. Note the clear acrylic plate, which
is coated with a wavelength-shifting organic fluor (TPB) before installation to convert the
VUV liquid argon scintillation light into the visible spectrum, detectable by the PMT.
A similar process occurs for the PMT signals. The PMT signals undergo separate shap-
ing with a 60 ns peaking time to allow for digitization of several samples on the rising edge
of a signal for more precise timing reconstruction abilities. The PMT signals are digitized at
64 MHz, but are not read out continuously during the same 4× 1.6 ms TPC readout time;
only shaped PMT signals above a small discriminator threshold are read out and stored
for later reconstruction. The PMT signals are split into high- and low- gain channels, to
extend the dynamic range of the ADC.
The readout of both TPC and PMT systems are initiated by triggers formed in a separate
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Figure 3.5: The MicroBooNE readout schematic. On the left are portions of the readout
operating at argon temperatures. Signals pass through feedthroughs into warm electronics
readout boards, unique for the TPC (sense wire signals) and the light collection system (PMT
signals). These signals are combined with external timing signals from the accelerator to
form triggers that initiate readout of all systems.
trigger board located in a warm electronics readout crate. While many different triggers are
used by MicroBooNE, the one relevant for this analysis is the BNB trigger. To form this
trigger, a timing signal from the BNB accelerator is shaped and fed into the trigger board.
The FPGA firmware in the PMT front end readout modules generates a PMT trigger when
PMT signal multiplicity is greater than 1 and summed PMT pulse-height is more than 2
photo-electrons summed over all of the high gain PMT channels. If a PMT trigger is issued
by the firmware in coincidence with the 1.6µs beam gate window from the accelerator, a
BNB trigger is generated by the trigger board. This trigger signal is fanned-out to all
readout crates (TPC and PMT), instructing them to initiate a readout simultaneously.
Once the readout is complete, the data from each readout crate is packaged and shipped
to the DAQ software, which assembles all of the data into one event in memory, which is
saved to disk and eventually used in reconstruction and analysis. Note that ultimately,
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the MicroBooNE collaboration has moved towards using a software- based trigger for its
beam-based analyses.
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Chapter 4
The Booster Neutrino Beam
The purpose of this chapter is to describe how neutrinos are produced in the Booster Neu-
trino Beam-line (BNB) at the Fermi National Accelerator Laboratory. An understanding of
how these neutrinos are produced and their flux through the MicroBooNE detector is neces-
sary to properly interpret the results of the low energy excess analysis and kaon production
analysis, described in Chapters 5 and 6. In describing the neutrino production techniques,
the reader will be introduced to the sources of systematic uncertainties associated with the
neutrino production, both in terms of how they arise, and their magnitude.
4.1 The Booster Neutrino Beam
The Booster Neutrino Beam-line (BNB) collides protons at 8.89 GeV/c momentum from the
Fermilab Booster synchrotron with a beryllium target to produce a high flux of neutrinos.
The layout of the BNB is shown in Figure 4.1 [11], and the relevant steps of the neutrino
production process will be described in the following sections.
4.1.1 Primary Proton Beam
The protons originate from H2 gas molecules converted to H
− ions via a Cockroft-Walton
generator, and are initially accelerated to approximately 1 MeV kinetic energy. These ions
are subjected to a linear accelerator using alternating electromagnetic fields to increase
their energy to about 400 MeV. Passing through a carbon foil removes electrons, and the
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Figure 4.1: Overall layout of the BNB. The primary proton beam, extracted from the Booster,
enters the target hall from the left. Upon exiting the target hall, particles encounter a 50-
meter-long decay region, terminating in the beam stop on the right.
bare protons enter the Booster synchrotron where they are accelerated up to 8.89 GeV/c
momentum. The protons are bunched in “beam spills” containing roughly 4× 1012 protons
spaced throughout a 1.6 µs time window per spill. The protons are then directed towards
a thick beryllium target.
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The absolute number of protons directed on target (POT) is measured by two toroids
upstream of the target which are part of a larger beam monitoring system. The error on
the POT is on the order of 2%. Additional beam characteristics are monitored by beam
position monitors (BPMs), a multi-wire chamber, and a resistive wall monitor (RWM) which
together measure beam intensity, timing, width, position, and direction.
4.1.2 Proton Target and Focusing Horn
The beryllium target is 71.1 cm long, which corresponds to 1.7 proton interaction lengths,
and is 0.51 cm in radius. Beryllium is chosen as the proton target because its relatively
low Z (4) minimizes radiative losses from the protons before their p-Be interactions which
produce secondary mesons (pi±, K±, K0L).
The beryllium target is located within a larger focusing electromagnet, referred to as
the horn. A schematic drawing of the horn is shown in Figure 4.2. The horn is an alu-
minum alloy pulsed toroidal electromagnet. The pulsed current has a peak at 170 kA and
a time-width of 143 µs, coincident with the proton beam arrival time on the target. The
current flows along the inner conductor, then returns along the outer conductor. The mag-
netic fields created by this current have a maximum field value of 1.5 Tesla and fall off
as 1/R from the cylindrically symmetric axis of the horn. These fields serve to focus the
charged secondaries produced in the p-Be interactions. The direction of the current can be
switched to focus the positively charged secondaries, or the negatively charged secondaries,
ultimately producing a beam of primarily neutrinos (“neutrino mode”) or of primarily an-
tineutrinos (“antineutrino mode”) respectively.
Downstream of the horn is a concrete collimator (214 cm long, between 30 cm and 35.5
cm in radius) which absorbs particles that would not otherwise contribute to the neutrino
flux. Following the collimator is a 45 meter long (1 meter radius) air-filled cylindrical decay
region, ending in a beam-stop made of steel and concrete which contains an array of gas
proportional counters to detect muons penetrating the beam-stop. Also about half way
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Figure 4.2: The BNB focusing horn system. The gray outer conductor is drawn transparent
for visualization purposes. The beryllium target lies within the central hollow tube axis. A
current flows along the inner conductor, returning along the outer conductor.
through the length of the decay region is an absorber consisting of ten removable steel
plates for systematic studies, which were not used in the analyses described in this thesis.
A schematic depicting the proton beam interacting with the beryllium target within the
focusing horn is shown in Figure 4.3.
Figure 4.3: A cartoon diagram of the incident 8.89 GeV/c proton beam (from the left) col-
liding with the beryllium target within the focusing horn. Shown is the current configuration
for the horn referred to as “neutrino mode” in which positive charged secondaries are fo-
cused into the decay region. The 25 m absorber drawn is removable, and was not used for
the analyses described in this thesis.
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4.2 Monte Carlo Neutrino Flux Prediction
The neutrino flux through MicroBooNE is determined using a Geant4 [12] Monte Carlo
simulation of the beam-line, focusing horn, and decay region. The beam-line geometry
modeled in Geant4 includes the position and material composition of all components of the
BNB, through which the primary protons and all other particles propagate. The primary
protons are simulated with the expected beam optics properties upstream of the target.
The primary p-BE interactions are simulated using custom tables for the production of
outgoing particles including protons, neutrons, pi±, K±, and K0 created from production
models based on external data. The reason custom tables are used is that the variation in
Geant4 hadron-production models is large.
The custom physics model using external data to simulate the production of secondary
mesons in the primary p-Be interactions is described in detail in Ref [11] but will be
summarized here. The custom tables describe the double differential cross section for the
production of each secondary species as a function of the proton transverse and longitudinal
momentum components. Existing pion and kaon production data from the HARP [13],
E910 [14], and several other production experiments are used in many of the Sanford and
Wang parameterization fits in the parameter space relevant to MicroBooNE [15]. The
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(4.1)
where p and θ are the momentum and angle of the outgoing secondary mesons.
Since no measurements for K+ production exist at the 8.89 GeV/c BNB primary proton
momentum, the Feynman scaling hypothesis is used to extrapolate from K+ production
measurements at different primary proton momenta. The Feynman scaling model function
depends only on the transverse proton momentum pT and the Feynman scaling factor
xF , which is the ratio of the longitudinal momentum, p
CM
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According to the Feynman scaling model, the invariant cross section can be written in terms




= c1 exp[−c2pT − c3|xF |c4 − c5p2T − c7|pT x˙F |c6 ] (4.3)
While this parameterization represents the measurements well, the uncertainties used in
analyses by MiniBooNE were initially inflated by a factor of four to account for some in-
consistencies within the production data. A more recent measurement by the SciBooNE
collaboration indirectly measured the K+ production in the BNB to drastically reduce this
uncertainty [16].
With the outgoing particle production simulated, these particles are propagated with
Geant4 taking into account energy loss and electromagnetic and hadronic processes, includ-
ing the impact of the horn magnetic field on the kinematics of those particles. A custom
decay model is used outside of the Geant4 framework to simulate the decay processes that
result in neutrinos, which includes the latest branching fraction measurements and simu-
lates polarization effects and kinematic distributions resulting from decay form factors. A
number of techniques to enhance the statistical precision of the flux are employed [11].
The systematic uncertainties in the neutrino flux production come from several sources,
which are summarized in Table 4.1. The dominant uncertainty is that from particle produc-
tion. By varying parameters in all of these systematic sources, a systematic error envelope
is calculated for the final neutrino flux through the MicroBooNE detector. Figure 4.4 shows
the νµ, νµ, νe, and νe flux at the MicroBooNE detector. The red bars show the systematic
error envelope, which includes all errors except those for proton delivery, which is a flat
normalization error. Table 4.2 summarizes the systematic errors for the integrated flux.
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MicroBooNE BNB Flux Systematics
Source Description
Proton delivery Counting the number of protons arriving on the beryllium
target.
Particle production Rate and shape of secondary particles produced in p-Be in-
teractions.
Hadronic interactions The rate of hadronic interactions in target or horn.
Horn magnetic field Magnetic field to focus the outgoing charged mesons from
p-Be interactions.
Beam-line geometry Possible misalignments or displacements of beam-line com-
ponents from their expected orientations.
Horn skin depth Non-uniformity of current in the inner conductor of horn.
Table 4.1: A summary of the systematic uncertainties included in the MicroBooNE flux
prediction. The dominant uncertainty is that from particle production.
νµ νµ νe νe
POT Delivery 2.00% 2.00% 2.00% 2.00%
pi+ 5.80% 0.46% 4.62% 2.66%
pi− 0.01% 7.51% 0.28% 3.20%
K+ 0.38% 0.13% 5.19% 2.67%
K− 0.01% 0.35% 0.28% 3.92%
K0L 0.03% 0.27% 2.36% 22.59%
Other 5.78% 6.09% 3.60% 7.61%
Total 8.44% 9.89% 8.43% 24.74%
Table 4.2: A summary of the systematic errors for the integrated flux, mostly from particle
production. “Other” includes hadronic interactions, horn current uncertainty, and skin
effect.
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Figure 4.4: Neutrino flux prediction (black dots) with systematic error bars (red envelope)
excluding proton delivery systematics which results in a flat normalization correction.
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Chapter 5
Low Energy Excess: LSND and
MiniBooNE
5.1 Introduction
This chapter will describe the observed low energy excess reported by the MiniBooNE ex-
periment and the electron antineutrino excess seen by the LSND experiment. The LSND
experiment first observed an excess of νe in a νµ beam in 2001. The MiniBooNE experi-
ment then observed an unexplained excess of electron-like events in a primarily νµ beam in
the neutrino energy region between 200 to 475 MeV in 2009. A description of the LSND
observation followed by the MiniBooNE detector and analysis is provided in this chapter.
The purpose of this chapter is to provide a historical motivation for the eventual sensitivity
studies done for the MicroBooNE experiment, which will be described in Chapter 6.
5.2 LSND Observation
In 2001, the Liquid Scintillator Neutrino Detector (LSND) collaboration published an ob-
servation of excess events consistent with νe interactions above the expected background
in a νµ beam at the Los Alamos Neutron Science Center [8]. Given the
L
E (≈ 30m40MeV ) for
this measurement, the excess disagreed with previous neutrino oscillation measurements of
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the neutrino mixing angles and ∆m2 values in the three neutrino model. The LSND excess
corresponded to a ∆m2 of approximately 1 eV 2, orders of magnitude higher than previously
measured values of ∆m212 and ∆m
2
23. One explanation for this drastically different ∆m
2
value is the possible existence of potential additional “sterile” neutrino states, which must
not interact weakly given that the Z- boson decay width constrains the number of weakly
interacting neutrino states to three.
To test the LSND result, the MiniBooNE experiment was designed. It would search for
νe interactions in a primarily νµ beam, with a similar
L
E (≈ 500m700MeV ).
5.3 The MiniBooNE Experiment
5.3.1 The MiniBooNE Detector and Monte Carlo Simulation
The MiniBooNE detector [17] consists of a spherical detector located 541 meters downstream
of the BNB neutrino production target. As shown in Figure 5.1, the detector consists of a
sphere with a diameter of 12.2 meters filled with 818 tons of mineral oil located underneath
more than 3 meters of earth overburden. There exists a signal region instrumented with
1280 8-inch photomultiplier tubes (PMTs), most of which were reused from the LSND ex-
periment, and a 35 cm thick outer veto region separated by an opaque barrier instrumented
with 240 PMTs. The efficiency for rejecting cosmic ray muons by using the outer veto
region was measured to be 99.99%.
The detection method of the MiniBooNE experiment is based primarily on Cherenkov
light. The mineral oil within the signal region acts as the neutrino target material. The
majority of final state particles exiting neutrino interactions at neutrino energies from the
BNB are produced above Cherenkov threshold. These particles produce Cherenkov light
which is detected by the PMTs lining the signal region of the detector. Reconstructing the
pattern of light projected onto the wall PMTs is used for particle identification.
The detector is calibrated with a series of in situ measurements, primarily with cosmic
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Figure 5.1: The MiniBooNE detector enclosure (left) and a cut-away drawing (right) of the
detector showing the distribution of PMT’s in the signal and veto regions.
ray muons. Cosmic ray muons stopping within the detector along with an external muon
hodoscope provide for angular resolution measurements. Additionally, muons which stop
and produce decay electrons that have a known energy endpoint of around 50 MeV provide
an energy calibration source at low energies, while through-going muons provide calibration
information at higher energies. Also, tagged pi0 particles which decay into two photons have
a known mass of around 135 MeV and therefore provide energy calibration information in
that region.
5.3.2 MiniBooNE Event Selection
Different final state particles exiting a neutrino interaction in the MiniBooNE signal volume
create different patterns of Cherenkov light read out by the PMTs. Figure 5.2 [18] shows
how these patterns differ for different common kinds of final state particles (muons, elec-
trons/photons, and neutral pion decays). A muon track produces a crisp, filled-in ring of
Cherenkov light, while an electron or photon produces a more fuzzy, hollow ring. A neutral
pion decay will result in two photons. By reconstructing these patterns in the PMT data
read out from a triggered event in MiniBooNE, the flavor and energy of the interacting
neutrino can be determined up to the energy lost to particles below Cherenkov threshold.
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With this kind of detection technique it is important to note that a single photon signal is
indistinguishable from that of a single electron signal, a fact leading to the ultimate ambi-
guity of the observed low energy excess in MiniBooNE.
Figure 5.2: A schematic of the pattern Cherenkov light from different particles would make
projected onto the inner walls of the MiniBooNE detector. Top is a muon track (a filled-in
ring), middle is an electron (a fuzzy ring), bottom is a photon that pair-produces and creates
two fuzzy rings.
The topology of interest in the MiniBooNE oscillation search is that of charged-current
quasi-elastic (CCQE) interactions, shown in Figure 5.3. This interaction channel is the
dominant one in the neutrino energy range of the BNB below 1 GeV Eν . In a νl CCQE
interaction (where l is the neutrino flavor), a lepton of flavor l is produced, along with a
proton. The single outgoing lepton is the characteristic event signature for which Mini-
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BooNE searches since the proton is mostly below Cherenkov threshold.
Figure 5.3: Feynman diagrams of the charged-current quasi-elastic (CCQE) interaction
channel for νe, νµ, νµ, and νe (clockwise from the top left). νe CCQE is the signal channel
for the MiniBooNE oscillation analysis.
In order to select νCCQEe events, cuts are placed to mitigate backgrounds. The most
powerful rejection comes from requiring the events occur within the beam timing window.
The beam arrives at the detector at a rate of 5 Hz, and each spill lasts 1.6 µs and is com-
posed of approximately 80 buckets separated by 19 ns. Given the time scale with which
MiniBooNE measures the light from interactions, cuts on event timing alone reduces non-
beam backgrounds to ∼ 10−3. Additional cuts require that there is significant activity in
the signal volume and little activity in the outer veto volume, a signature characteristic of
beam related neutrino events. These pre-cuts achieve more than a 99.99% rejection of beam
unrelated backgrounds. The efficiency to select νCCQEe events in MiniBooNE depends on
which cuts are applied in the analysis, but varies between 55% (with a purity of 36.8%) and
26.6% (with a purity of 77.0%)[19]. The efficiency to select νCCQEe events also depends on
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which cuts are applied but varies between 55.2% and 30.6%[20].
In order to reconstruct events, MiniBooNE uses a maximum likelihood fitting algorithm
leveraging properties of charged particle tracks and showers inferred from measured charges
and times on the PMTs. The likelihoods associated with different event hypotheses are used
to classify each event as a signal νe CCQE event, or as a background process like νµ CCQE
and NC pi0 production. Note that MiniBooNE cannot differentiate between a µ+ and a µ−,
or e+ and e− so discrimination between neutrino and antineutrino on an event-by-event
basis is not possible. MiniBooNE also uses the identified νCCQEµ events to constrain the
intrinsic νe background from muon decay and the measured NC pi
0, two-gamma rate to
constrain the predicted single shower NC pi0 backgrounds.
Assuming CCQE kinematics, the incident neutrino energy is reconstructed with knowl-
edge of the outgoing lepton energy (El) and scattering angle (θl). In MiniBooNE specifically,










where mn, mp, ml are the masses of the neutron, proton, and lepton respectively, and θl
is the scattering angle of the outgoing lepton with respect to the (known) beam neutrino
direction.
5.3.3 MiniBooNE Results
With the described reconstruction methods and energy definition, the MiniBooNE published
results [21] for the νe appearance search in neutrino mode running are shown in Figure 5.4.
Note that besides the irreducible intrinsic νe backgrounds, the dominant background in the
excess region is pi0 mis-identification (MID) (red). In a pi0 MID event event, a pi0 is created
in the neutrino interaction and its subsequent immediate decay into two photons can mimic
the νCCQEe signature if either one of the photons escapes the detector or the Cherenkov
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rings from the two photons overlap to become one ring. Another important background is
∆→ Nγ (brown). Recall that both of these backgrounds arise from MiniBooNE’s inability
to distinguish electrons from photons, an important ambiguity which will be discussed in
more detail in the following sections.
Figure 5.4: The EQEν distribution for MiniBooNE data (points with statistical errors) and
and backgrounds (histogram with systematic errors).
As shown in Figure 5.4, in the energy region EQEν > 475 MeV there is good agreement
between data and background prediction, making a two neutrino oscillation fit inconsistent
with the LSND results at the 98% confidence level assuming CP conservation. Meanwhile,
below ECCQEν of 475 MeV there is a statistically significant (6σ, reduced to 3σ after sys-
tematics) excess. The excess of 129 ± 43 events (stat+syst) is consistent in magnitude with
the LSND oscillation excess.
In a later separate antineutrino run (in which the BNB horn current is switched to pro-
duce a primarily νµ beam), an excess was observed in the energy region E
QE
ν > 475 MeV
that was consistent with an LSND-type two neutrino oscillation over the null oscillation
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hypothesis at the 91% confidence level. In the lower energy region EQEν < 475 MeV, an
excess of 38.6 ± 18.5 events was observed. In a fit to the full energy range EQEν > 200
MeV, the excess was consistent with an LSND-type two neutrino oscillation over the null
oscillation hypothesis at the 98% confidence level.
5.3.4 Proposed Low Energy Excess Sources
Shown in Figure 5.5 is the MiniBooNE neutrino mode excess (data - expected background)
with oscillation fits with parameters constrained to be in the LSND allowed region. The
parameters in the LSND allowed region are ruled out at the 95% confidence level if the data
are fit with ECCQEν > 475 MeV.
Figure 5.5: The MiniBooNE event excess as a function of EQEν . Also shown are the expec-
tations from the best oscillation fit and from neutrino oscillation parameters in the LSND
allowed region. The error bars include both statistical and systematic errors.
Given MiniBooNE’s inability to distinguish electrons from photons, the origin of this
excess is either a mis-estimation of one of the backgrounds, or some sort of new physics.
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The former is unlikely the case because MiniBooNE makes many in situ measurements that
allow for the constraining of these backgrounds. The neutral current induced backgrounds
(NC pi0, ∆ → Nγ, and dirt) are constrained by such measurements. Measurements con-
straining these backgrounds are described in more detail in the following paragraphs.
The NC pi0 rate in MiniBooNE is measured by selecting events with reconstructed mass
near the pi0 mass. This obtains a > 90% pure sample of NC pi0 interactions which is
compared to simulation to obtain a correction function in order to bring the simulated dis-
tribution in agreement with data. This same correction function is applied to NC pi0 events
that are backgrounds in the νe appearance analysis. This correction function increases the
NC pi0 background by less than 13% for ECCQEν < 400 MeV and decreases the background
by as much as 20% above this neutrino energy region. Including this correction factor, the
uncertainty on the overall NC pi0 backgrounds is 7%. Note that a correction factor of 2.0
would be required to explain the origin of the excess as originating from a mis-estimated
NC pi0 background [18].
The excess is unlikely caused by a mis-estimation of the ∆→ Nγ backgrounds because
they are additionally constrained by the NC pi0 measurement through the relative rate of
resonant production times a branching fraction of (0.56±0.04)%. With this measurement,
the uncertainty on the ∆ → Nγ backgrounds is 12%. Note that a (very large) correction
factor of 2.7 would be required to explain the origin of the excess as originating from a
mis-estimated ∆→ Nγ background.
The excess is unlikely caused by a mis-estimation of the dirt backgrounds because a di-
rect measurement is made by selecting a separate event sample which are likely dirt events
and comparing data to simulation. These events are reconstructed close to the detector
boundaries with direction pointed generally inwards since this is a background from events
produced outside of the detector. In neutrino mode, a dirt background normalization cor-
rection factor was computed to be 0.7 ± 0.1 (with simulation over-predicting the dirt rate
normalization). Given the power of the event selection cuts designed to mitigate dirt back-
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grounds, the relevance of this relatively large correction factor is minimal.
The charged current induced backgrounds (intrinsic νCCQEe ) are reduced with in situ
measurements of νµCCQE interactions. A data to simulation comparison of measured
νµCCQE interactions allows for the retuning of underlying flux and cross section parame-
ters in order to bring simulated distributions in agreement with data. These parameters are
the same as those used to predict the νCCQEe rate and shape. In addition, a measurement
of the highest energy νµCCQE interactions allows for the further constraint of ν
CCQE
e from
kaon decay backgrounds, which is discussed in more detail in a later section of this thesis.
Given the likelihood that the excess is not caused by misidentified backgrounds, several
new-physics interpretations have been proposed in attempt to explain the excess, including
sterile neutrino oscillations (with one, two, or more sterile neutrinos), and new interactions
both within and outside of the standard model (CPT violation, quantum decoherence, sterile
neutrino decay, etc). A summary of these interpretations can be found in [22]. A commonal-
ity between all interpretations is that their interactions pass the MiniBooNE event selection
cuts; that is, they have one electron or one photon exiting the interaction vertex.
5.4 Conclusions
This chapter has presented the historical background of the “low energy excess” observed
by the MiniBooNE experiment published in 2009 that was in response to the oscillation
signal reported by the LSND experiment in 2001. Possible sources for this excess have
been discussed, such as mis-estimated backgrounds and sterile neutrinos. Ultimately the
excess as seen by MiniBooNE can be attributed to an excess of either electron-like events
or photon-like events. Determining which it is is beyond the capabilities of MiniBooNE due
to limitations of its detector technology (a Cherenkov ring imaging detector). Because of
this limitation, the MicroBooNE experiment was proposed in 2007 [23]. MicroBooNE was
proposed to use the same neutrino beam in a similar location as MiniBooNE, but using
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a different detector technology with electron/photon separation powers (liquid argon time
projection chambers) to search for and clarify the ambiguity in the low-energy excess. The
detailed analysis aimed to quantify the sensitivity to a specifically electron-like MiniBooNE
excess in the MicroBooNE detector is the subject of the next chapter of this thesis.
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Chapter 6
Low Energy Excess: MicroBooNE
This chapter will describe the MicroBooNE sensitivity study to observe the same excess
as observed by MiniBooNE, in the same neutrino beam-line but with a different detector
technology. The description of the analysis covers the signal modeling based on the Mini-
BooNE published data releases, the event selection, and background mitigation techniques
employed. Ultimately, the expected sensitivity to measure such a signal is calculated.
6.1 MicroBooNE In The Context of the Low Energy Excess
Given that the proposed explanations for the origin of the measured MiniBooNE low energy
excess in neutrino mode all predict either a single electron or single photon produced at
the neutrino interaction vertex, and that MiniBooNE cannot discriminate between single
electrons or photons, the MicroBooNE experiment was proposed in 2007. This detector
(described in detail in Chapter 3) is a liquid argon time projection chamber, a relatively
new detector technology which allows for the discrimination between single electrons and
photons. MicroBooNE runs in the same beam line (BNB) in neutrino mode and is physi-
cally located close to MiniBooNE; the MicroBooNE detector is located 470 m from the BNB
production target, while the center of the MiniBooNE detector is 541 m from the BNB pro-
duction target. Therefore, MicroBooNE should be able to elucidate the MiniBooNE low
energy excess ambiguity, first by seeing if an excess exists and then by determining if the
excess is related to an excess of photon events or electron events.
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The electron/photon discrimination power of a LArTPC is based on the energy deposi-
tion at the start of electron and photon showers; photons will pair produce and in general
have twice the ionization as a single electron. Shown in Figure 6.1 is the energy loss per unit
length along the first 2.4 cm of simulated single electron showers (red) and single photon
showers (black) in terms of minimally ionizing particle (MIP) energy in liquid argon (about
2.1 MeV/cm). Leveraging the dE/dx difference between electrons and photons, and addi-
tionally the presence of a several centimeter (on average) gap between a photon’s creation
point at the neutrino event vertex and its pair production, MicroBooNE has very powerful
electron/photon separation power whereas MiniBooNE has none.
There are other important differences between the MiniBooNE detector and that of
MicroBooNE which need to be considered when broaching the subject of estimating a sen-
sitivity of a signal seen in MiniBooNE as it might be seen in MicroBooNE. These differences
are summarized in Table 6.1. From the table it is clear that the event selection efficiency
in MicroBooNE (not yet completely determined, but discussed in Section 6.4.3) will have
to be much higher than that of MiniBooNE for the two experiments to have comparable
statistical significances, since MicroBooNE is ten times smaller than MiniBooNE.
6.1.1 Past Sensitivity Studies
The initial attempt to scale the MiniBooNE backgrounds and excess to MicroBooNE is
shown in Figure 6.2, both under the assumption that the excess is due to an electron-like
event (left) or due to a photon-like event (right) [24]. Performing such a scaling analysis is
a subtle and difficult task because of the drastic differences between the MiniBooNE and
MicroBooNE detectors, as described in the previous section.
This scaling assumes the electron/photon misidentification rate in MicroBooNE is 6%
(whereas it is 100% for MiniBooNE). Also, event selection efficiencies in MicroBooNE are
assumed to be exactly twice that of MiniBooNE because of the detector technology. This
scaling procedure ignores other potentially important differences between MicroBooNE and
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MiniBooNE Compared to MicroBooNE
MiniBooNE MicroBooNE
Detector Technology Cherenkov LArTPC
Nominal POT 6.46× 1020 6.6× 1020
Active Volume Mass 818 Tons 89 Tons
Signal Selection Efficiency 25% N/A
Readout Time Scale nanoseconds milliseconds
Distance from Neutrino Pro-
duction Target
541 m 470 m
Target Material CH2 Argon
e→ γ Separation Power None High
Sensitive to Vertex Activity No Yes
Table 6.1: A comparison of some of the important similarities and differences between the
MiniBooNE detector and the MicroBooNE detector, which make the signal modeling in this
sensitivity study difficult.
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Figure 6.1: Energy loss per unit length along the first 2.4 cm of simulated single electron
showers (red) and single photon showers (black) in terms of minimally ionizing particle
(MIP) energy in liquid argon (about 2.1 MeV/cm). Photons in general have twice the
dE/dx of electrons at the start of their showers, stemming from pair production.
MiniBooNE including differences in detector geometry (important for pi0 mis-identifications
in which one photon escapes), flux differences (the relative rates are roughly 25% different
because of the baseline differences of the two detectors), event topology selection differ-
ences (MicroBooNE can see much more vertex activity than can MiniBooNE, especially
when additional final state particles are below Cherenkov threshold), the differing cosmic
rejection background efficiencies (MiniBooNE can reject cosmics more efficiently than Mi-
croBooNE because of their outer veto and because of the differing detection timescales
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Figure 6.2: The results of the first analysis to scale the MiniBooNE backgrounds and excess
to MicroBooNE both under the assumption that the excess is due to an electron-like event
(left) or under a photon-like event (right). Stacked histograms show the expected background.
Error bars indicate statistical uncertainty. The number of signal events, scaled from Mini-
BooNE for neutrino flux and fiducial volume, is the same in both plots (though dedicate
electron-specific and photon-specific event selection cuts may show this to be unrealistic).
Both plots assume 6.6× 1020 POT for the MicroBooNE 60 ton fiducial mass.
of Cherenkov technology, ns, compared to that of LArTPCs, ms), cross section differences
between argon and CH2 arising from differing proton to neutron ratios, among other things.
The resulting statistical significance from the aforementioned scaling (previous Ref. [24])
after the nominal amount of data is taken in MicroBooNE (6.6 × 1020 POT) is computed
to be 5.7σ under the single-electron excess hypothesis and 4.1σ under the single-photon
hypothesis.
The described scaling analysis is a very valuable tool, but is fraught with many question-
able assumptions. The next sections in this thesis describe a more rigorous analysis with
the ultimate goal of computing MicroBooNE’s sensitivity to the MiniBooNE low energy
excess assuming specifically the single-electron hypothesis. In this analysis, actual signal
and background events will be simulated in the MicroBooNE detector and event selection
cuts and algorithms will be used to select them.
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6.2 Monte Carlo Simulation
6.2.1 Simulated Background Samples
In this thesis analysis, both beam induced backgrounds and beam external backgrounds
are simulated in the MicroBooNE cryostat. For beam-induced samples, the same flux
predictions are used as were used in the MiniBooNE simulations (accounting for baseline
and acceptance differences). The beam-induced samples come from full simulated BNB
interactions with cross sections provided by GENIE [25]1. Non-beam samples (cosmics)
come from simulated CORSIKA generated [27] cosmic rays that pass through the cryostat.
Cosmic rays passing through other portions of the detector hall but not the cryostat result
in negligible backgrounds in this νe search. The passage of all particles through the detector
volume is simulated by the GEANT4 package [12].
6.2.2 Reconstruction
In general, the output of an automated reconstruction chain in a LArTPC consists of recon-
structed optical hits which come from the PMT signals, and reconstructed wire hits which
come from drift electron ionization signals on the induction and collection plane wires. Re-
construction algorithms cluster the electron ionization hits on each wire plane into those
corresponding to individual particles, then match clusters from different wire planes to form
3D reconstructed objects. The wire planes provide two of the three dimensions, and match-
ing clusters to the timing of optical hits on the PMTs provide the third (drift) dimension.
These reconstructed objects are either thin, straight tracks (which come from particles like
muons, charged pions, and protons) or more fuzzy cone-shaped showers, which come from
higher energy electrons or photons. Ideally this analysis would be done using these recon-
structed objects. In this way, the same event selection methods could be used on data as
are used in simulation. While automatic track reconstruction can currently be performed
1Note that while MicroBooNE uses GENIE to simulate BNB interactions, MiniBooNE used NUANCE
[26]. Given the approach to determine the absolute normalization of the MiniBooNE excess as seen in
MicroBooNE based on intrinsic νe rates (see Section 6.5), differences between these two generators can be
ignored.
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at an adequate level, the difficulties involved in shower reconstruction (which is particularly
important to tag and study νCCe events) have yet to be overcome by MicroBooNE and
the LArTPC community. Currently, the MicroBooNE collaboration is moving to use the
methods and algorithms of the analysis presented here to do a sensitivity estimate using
reconstructed objects.
For these reasons, this simulation-only study is done with objects that are not auto-
matically reconstructed from wire and PMT signals, but instead from truth-based energy
depositions in the detector. In general, these objects represent what would be reconstructed
from wire and PMT signals if the reconstruction algorithms performed perfectly. Therefore,
this is referred to as “perfect reconstruction” and the details of these objects are discussed
in the next section.
6.2.2.1 “Perfect Reconstruction”
While a simulation-only study using real automated reconstruction would be ideal, such
a study using “perfect reconstruction” is incredibly valuable as an initial estimate of the
MicroBooNE sensitivity; it is a step forward from the aforementioned scaling study (Section
6.1.1), and the event selection cuts and algorithms designed in this study can be used out-of-
the-box on automated reconstructed objects once they become available. Additionally, the
“perfect reconstruction” can be tuned to more realistically represent what automated recon-
struction might be capable of, for example by smearing the energy of objects or emulating
realistic reconstruction efficiencies. This provides the important estimate of uncertainties
arising from the imperfect automated reconstruction.
As mentioned earlier, the final 3D reconstructed objects formed from wire plane signals
and PMT signals are referred to as tracks or showers. Tracks are close to straight lines in
three dimensions, while showers are fuzzier and generally cone-shaped in three dimensions.
The “perfect reconstruction” analogs to tracks and showers are referred to as MCTracks
and MCShowers. They are created from simulated GEANT4 3D energy depositions in
the detector volume. GEANT4 outputs 3D energy depositions in the detector, along with
CHAPTER 6. LOW ENERGY EXCESS: MICROBOONE 45
truth information about which parent particles deposited this energy. MCShowers and
MCTracks are 3D objects which are formed by grouping energy depositions based on par-
ent particles. Whether a particle in GEANT4 becomes an MCShower or an MCTrack
is based on truth particle identity. For example, electrons always form MCShowers2 and
muons always form MCTracks. All of the energy deposited by particles within the TPC is
used to form these “perfect reconstructed” objects, which is in line with them representing
actual reconstructible quantities (no ionization outside of the TPC is reconstructible).
MCTracks consist of a series of ordered 3D trajectory points, each corresponding to
an energy deposition in the detector. MCShowers have the following attributes: 3D start
point where the first energy from the parent particle is deposited, 3D direction which is
computed by fitting a line in 3D to all of the deposited energy from the parent particle, and
dE/dx computed from the energy depositions along the first few centimeters of the shower.
These “perfectly reconstructed” tracks and showers (MCTracks and MCShowers) serve
as the input to the event selection algorithms, just as automated reconstructed tracks and
showers (with the same attributes) would in real data.
6.3 Event Selection
This section describes the algorithms and cuts used to identify νCCe interactions, given as
input the “perfect reconstructed” MCTracks and MCShowers from simulated triggered
events in MicroBooNE3. Note that while the initial event selection algorithms are designed
to identify νCCe inclusive interactions (which may involve pions in the final state, for ex-
ample), ultimately only the νCCQEe events (with only one electron and protons in the final
state) are used in the final sensitivity estimates.
2Despite the fact that electrons behave more like tracks below the critical energy, which is on the order
of 40 MeV in liquid argon.
3Note that these cuts and algorithms could use automatically reconstructed tracks and showers, and
therefore could be run both on simulation and data, if the quality of track and shower reconstruction was
high enough.
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To select νCCe interactions in MicroBooNE, a series of nine algorithms are run, each with
a specific goal in mind; they either identify background topologies in order to remove them,
or they identify the signal νCCe topology. For example, one algorithm identifies MCShow-
ers which are likely delta rays originating from tracks. Once identified, these MCShowers
are no longer candidate νCCQEe electrons. Another algorithm identifies pairs of showers that
are likely from pi0 decays (by using the dE/dx of those showers to identify them as photons,
and requiring they back-project to a common origin) in order to remove them from the
pool of candidate νCCe electrons. Another algorithm tags through-going tracks as cosmic in
origin, ensuring they will not be associated with a beam neutrino interaction.
The two most important event selection algorithms for this analysis are named “Algo-
EMPart” (which handles the electron/photon discrimination) and “AlgoSingleE” (which
is the algorithm responsible for locating the νCCe topology and associating all tracks and
showers together for eventual energy reconstruction and analysis). These two algorithms are
discussed in detail in the following two subsections. At the end of the chain of event selection
algorithms, a sample of candidate νCCe events is obtained. These events are the subject to
further cuts both to mitigate some backgrounds that the event selection algorithms missed,
and more importantly to pick specifically νCCQEe events. This down-sampling is necessary
to make the eventual comparison to the MiniBooNE excess, since MiniBooNE searched
exclusively for νCCQEe events, not νCCe inclusive.
6.3.1 Electron/Photon Separation Algorithm
Electron/photon separation based on dE/dx at the start of showers is done through an
algorithm called “AlgoEMPart”. This algorithm uses trained likelihood distributions which
input dE/dx and return the likelihood that the shower is electron-like, or photon-like. If a
conversion distance (the distance between the reconstructed neutrino event vertex and the
first energy deposition of the shower) is known, it will incorporate that into its likelihood as
well. This additional handle is powerful because in general an electron shower will have a
near-zero conversion distance, while a photon shower will often have a conversion distance
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of several centimeters. The algorithm’s likelihood is configured with parameters output
by a RooFit [28] minimization routine. The RooFit routine is trained on simulated single
electron and single photon MCShowers. In general, this algorithm computes both the
likelihood that an MCShower is an electron and that it is a photon, and determines the
identity of the particle to be the one with the larger likelihood.
There are two likelihood functions that may be used. If a shower can independently be
associated with a neutrino interaction vertex, the algorithm will use a 2D likelihood func-
tion that includes both dE/dx and conversion length information. If an algorithm cannot
associate a vertex with a shower, there is a 1D likelihood function that can be used with only
dE/dx information. The 1D likelihood function is composed of a Gaussian plus a landau
distribution for dE/dx, which are combined to better parameterize the dE/dx distribution,
and the 2D likelihood function also includes an exponential function for conversion length.
Any potential energy dependence on dE/dx or conversion distance is not included in these
likelihoods. The twelve trained input parameters include mean and sigma values for the
Gaussian distributions, the most probable value (MPV) and sigma values for the landau
distributions, the fractional area difference between the Gaussian and landau distributions
(“frac”), and the conversion length parameter (six parameters for electrons, six parameters
for photons). When training, input parameters for each sample (electron, photon) are the
MCShower computed dE/dx as well as the truth-level creation vertex of the particle.
The training results on “perfect reconstruction” electron and photon showers are shown in
Figure 6.3.
6.3.1.1 Performance
The performance of this algorithm on “perfect reconstruction” is computed by using sam-
ples of single electron showers and single photon showers generated isotropically between
0.05 and 2 GeV, and selecting those events where greater than 90% of the shower’s en-
ergy is contained within the TPC. The algorithm’s likelihood is trained using this sample
(integrated over the full energy range of the showers). The efficiency to tag electrons and
photons both with the 1D and the 2D likelihood are enumerated below. Note that there are
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Figure 6.3: AlgoEMPart training results on perfect reconstructed electron showers and on
perfect reconstructed photon showers as described in Section 6.3.1.1: 1D landau + Gaussian
fit to dE/dx. “Frac” in the legend is the relative normalization between the landau and
Gaussian fits; that “Frac” is close to one means the landau fit dominates.
additional handles to identify photons which are part of a pi0 decay which are not included
in the efficiencies below (which are for single electrons or single photons only).
1. Using only dE/dx information, the efficiency (over all energies) to select a single
electron is 93%, while the MID efficiency to tag the electron as a photon is 7%.
2. Using only dE/dx information, the efficiency to select a single photon is 97.3%, while
the MID efficiency to tag the photon as an electron is 2.7%.
3. Using both dE/dx and radiation length information (using the true creation point of
photons), the efficiency to select a single electron is 99.7%, while the MID efficiency
to tag the electron as a photon is 0.3%.
4. Using both dE/dx and radiation length information (using the true creation point of
photons), the efficiency to select a single photon is 98.1%, while the MID efficiency to
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tag the photon as an electron is 1.9%.
The 1D likelihood to determine if a shower is electron-like or photon-like is shown in
Figure 6.4. The likelihood that a shower with a given dE/dx is electron-like is computed
by the ratio of the 1D electron-like probability distribution function (PDF) value for that
dE/dx (shown non-normalized in Figure 6.3) to the sum of the electron-like PDF value for
















dx ) represents the electron dE/dx PDF function (shown non-normalized in
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PDF function (also shown non-normalized in Figure 6.3) evaluated at a dE/dx value dEdx .
The likelihood that a shower with a given dE/dx is photon-like is similarly computed but
with the photon-like PDF value for that dE/dx in the numerator.
The 2D likelihood including both dE/dx and conversion distance is shown in Figure 6.5.
The likelihood that a shower with a given dE/dx value, dEdx and a given conversion distance
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dx ) represents the electron dE/dx PDF function (shown non-normalized in
Figure 6.3) evaluated at a dE/dx value, dEdx , e
PDF
conv (d) represents the electron conversion
distance PDF function (shown non-normalized in Figure 6.6, noting that the electron con-
version distance is effectively zero so the exponential fits the distribution relatively poorly)
evaluated at a conversion distance value, d, gPDFdE/dx(
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dx ) represents the photon dE/dx PDF
function (shown non-normalized in Figure 6.3) evaluated at a dE/dx value, dEdx , g
PDF
conv (d)
represents the photon conversion distance PDF function (shown non-normalized in Figure
6.7) evaluated at a conversion distance value, d. The likelihood that the same shower is
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photon-like is simply the inverse of Equation 6.2.
Figure 6.4: AlgoEMPart: Computed 1D likelihood vs dE/dx: red is photon, blue is electron.
How the likelihood is computed is described in Section 6.3.1.1.
Figure 6.5: AlgoEMPart training results on perfect reconstructed electron and photon show-
ers as described in Section 6.3.1.1 integrated over all energies: 2D likelihood distribution
(radiation length vs. dE/dx). Low values of likelihood (purple) correspond to photon-like,
high values (red) correspond to electron-like.
CHAPTER 6. LOW ENERGY EXCESS: MICROBOONE 51
Figure 6.6: AlgoEMPart training results on perfect reconstructed electron showers as de-
scribed in Section 6.3.1.1: Radiation length fit to single electron showers. Note the poor
quality of the fit as the electron conversion distance for “perfect reconstruction” does not
follow an exponential distribution; all conversion distances are below 0.3 centimeters.
6.3.2 Signal Selection Algorithm
The purpose of this algorithm is to select events with νCCe inclusive type topologies. These
topologies involve a single electron at a neutrino interaction vertex, with any number of
protons, charged or neutral pions, or anything else additionally exiting the vertex. Later
on, the sample of selected events will be subjected to further cuts to select only νCCQEe
topologies by rejecting events with pions in the final state. This algorithm uses likelihoods
provided by the previously described “AlgoEMPart” (Section 6.3.1) to determine if a shower
is an electron or a photon. This algorithm begins by looping over all candidate νCCe elec-
tron showers in the event that have not been removed by upstream cosmic and pi0 tagging
algorithms. Figure 6.9 is a flowchart depicting the decision tree this algorithm uses for each
candidate νCCe electron shower. If the algorithm reaches the bottom of the flowchart, that
shower is determined to be from a νCCe interaction and the event is saved to be included in
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Figure 6.7: AlgoEMPart training results on perfect reconstructed photon showers as de-
scribed in Section 6.3.1.1: Radiation length fit to single photon showers.
Figure 6.8: AlgoEMPart: Computed 1D likelihood vs conversion distance (integrated over
all energies): red is photon, blue is electron. How the likelihood is computed is described in
Section 6.3.1.1.
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analysis. The flowchart refers to determining if two showers are correlated and determining
if a shower is correlated with the start of a track. A schematic which diagrams how these
determinations are made is shown in Figure 6.10. A list of configurable parameters and
their chosen cut values is shown in Table 6.2. A more detailed description of Figure 6.9 is
given in the following paragraphs.
Figure 6.9: A flowchart depicting decisions the algorithm makes for each primary, non-
cosmic shower. If the algorithm gets to the bottom of the flowchart, that shower was deter-
mined to be from a νCCe interaction, and a νe particle is created. For clarification of what
some acronyms mean, see Figure 6.10.
To begin, the algorithm attempts to reject any showers which are highly likely to be
photons. For each primary, non-cosmic shower (“shower A”in Figure 6.10), this algorithm
computes a point of closest approach (POCA) and impact parameter (IP) between the
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Figure 6.10: Schematic cartoons indicating how the signal selection algorithm makes deci-
sions determining if two reconstructed showers are correlated, and if a reconstructed shower
is correlated with a reconstructed track (as described in Figure 6.9).
shower’s back-projection and each other track. Additionally, the POCA and IP are com-
puted between the shower’s back-projection and each other shower axis back-projections.
If the smallest impact parameter is less than 10 centimeters and the distance between the
shower’s start point and the point of closest approach is greater than 1 centimeter, the
algorithm assumes this shower is a photon and it rejects the shower as a potential νCCe
shower, without any dE/dx considerations. The value of 10 centimeters is chosen because
such a displacement from the vertex would not occur for electron showers, even including
reconstruction resolution effects4. Otherwise, the algorithm continues by using AlgoEM-
4Note that for νCCe interactions and “perfect reconstruction”, these impact parameters and points of
closest approach between the νCCe electron shower and other tracks in the event are incredibly small (sub
CHAPTER 6. LOW ENERGY EXCESS: MICROBOONE 55
Part’s trained likelihood function to determine based on dE/dx alone whether this shower
is gamma-like and should therefore be ignored.
Assuming this potential νCCe shower has so far been found to be electron-like, the algo-
rithm then compares the shower to all other showers in the event that are not marked as
cosmic, and are not already reconstructed to be the descendant of another particle5. The
purpose of this portion of the code is to enforce that the topology of interest includes a sin-
gle electron exiting the neutrino interaction. If any other electron-like showers are nearby
that could be potentially correlated, the shower is rejected as a candidate νCCe electron.
The candidate shower is then compared to every track in the event that has not been
tagged as cosmic to look for correlations between the potential νCCe electron and tracks
(Figure 6.10). The topology of interest allows for the electron to point back to the start of
a track, but not to the middle or end of a track (as these showers are likely delta rays or
muon decay Michel electrons). At this point, the code again uses a likelihood from AlgoEM-
Part to determine if the shower is still electron-like, this time using both the shower’s dE/dx
and the distance between the shower start and the computed POCA as a radiation length.
This is a more powerful discrimination to determine if the shower remains electron-like. If
the shower remains electron-like and is found to be correlated with the start of a track, the
track is stored as associated with another final state particle of the νCCe interaction. The
energy of this track will later be included in the reconstructed neutrino energy.
At this point, a νCCe event has been found, and the shower and any associated tracks
are stored to be included in the sensitivity analysis.
centimeter). The cut values are chosen to be much larger to simulate estimated automatic track and shower
reconstruction resolutions.
5Cosmic tagging and descendant determination are done by upstream event reconstruction algorithms
not described in this thesis for readability reasons.




Use Radiation Length True
Max Vertex-to-Track-Start Distance 1 cm
Min Vertex-to-Shower-Start Distance 50 cm
Maximum IP 1 cm
Table 6.2: The list of configurable parameters and their values used in the AlgoSingleE νCCe
signal selection algorithm. Note that for νCCe interactions and “perfect reconstruction”, these
actual values the distance-based parameters represent are incredibly small (sub centimeter).
The cut values are chosen to be much larger to simulate estimated automatic track and
shower reconstruction resolutions.
6.3.2.1 Configurable Parameters
The configurable parameters for this algorithm are summarized in the Table 6.2. Note that
with “perfect reconstructed” showers, these distances are always very small (less than 0.1
centimeters), so these values were chosen to introduce some realism into the algorithm by
estimating detector resolutions.
6.3.3 Energy Reconstruction
With the candidate νCCe interactions identified, the neutrino energy is reconstructed in two
ways. First, the angle and energy of the selected νCCe electron is used to compute an energy,
ECCQEν from the CCQE formula, Equation 5.1. This is the same energy definition that is
used in the MiniBooNE oscillation analysis. Note that this energy is only valid for truly
νCCQEe interactions, which are a subset of the selected νCCe sample. In addition, E
CCQE
ν can
be significantly effected by nuclear effects such as Fermi motion of nucleons in the target
nucleus.
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An additional, more accurate energy estimation, Ecalo is calculated by looping over all
particles tagged as descendants of the reconstructed νe and adding up their deposited ener-
gies. For νCCe events, this amounts to adding the deposited energy of the electron shower,
along with the deposited energies from all protons exiting the interaction vertex, and ener-
gies from charged and neutral pions exiting the vertex (adding the pion masses in the case of
charged pions). Additionally the electron mass is added, though this changes the calculated
energy negligibly. Plots describing the neutrino reconstruction performance for correctly
identified νCCQEe interactions can be seen in Figures 6.11 and 6.12. The energy resolution
for true neutrino energies below 500 MeV is on the order of 15%, and the bias indicates that
the energy reconstruction method tends to underestimate true neutrino energy by about
25%. Note that this bias is computed as the mean reconstructed energy of all events in a
specific true energy bin rather than the center of a Gaussian fit to the central distribution of
events, so the bias is skewed down by outliers. In addition, the neutrino energy is generally
underestimated both because energy lost to neutrons or showering particles is not included
in the energy definition, and because neutrino-induced tracks are not associated with the




The intrinsic νCCQEe background comes from electron neutrinos originating from the portion
of the Booster Neutrino Beam-line (BNB) flux from muon and kaon decays in the decay
pipe. The topology of these events involve one electron in the final state, with any number of
protons exiting the interaction vertex, but no pions or muons exiting the interaction vertex.
Neutral particles included in hadronic activity are also ignored as they are invisible from the
point of view of a LArTPC. This background is irreducible for a νCCQEe appearance search,
and is the dominant background in this analysis. These intrinsic νe events in the relevant
low energy region are mostly from muon decay in the beam-line. The flux uncertainty
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Figure 6.11: Reconstructed neutrino energy as described in Section 6.3.3 versus true neu-
trino energy. This plot was made from “perfect reconstruction” objects in correctly identified
νCCQEe events after all final analysis cuts were placed.
can be constrained by a parallel νµ analysis, as was done in MiniBooNE. The intrinsic νe
events at higher energies mostly come from K+ decay in the beam-line, although K+ decay
neutrinos also make significant contributions to electron neutrinos at lower energy. While
constraining νe from muon decay will be done with a parallel νµ analysis, constraining νe
from kaon decay in the beam line is discussed in the next chapter of this thesis.
6.4.1.2 Intrinsic νµ
The intrinsic νµ background comes from ν
CC
µ interactions from BNB muon neutrinos. De-
spite the enormous ratio of νCCµ events to ν
CC
e events, this is a sub-dominant background in
this analysis. Potential sources of mis-identifications (MIDs) must always involve at least
one shower, and there should not be a track recognized as a muon exiting the interaction
vertex. For this reason, most νCCµ MIDs are from either:
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Figure 6.12: A neutrino energy resolution and bias plot. This is created by binning Fig-
ure 6.11 in true neutrino energy and making a distribution of (Reco Energy - True En-
ergy)/(True Energy). For each bin, the mean (red) and standard deviation (blue) are plotted
in the above figure. This plot was made from “perfect reconstruction” objects in correctly
identified νCCQEe events after all final analysis cuts were placed.
1. µ decay electrons (either in flight, or at rest when the energy of the electron is in the
very high end of the Michel spectrum, despite their energies being on the order of 50
MeV), or
2. νCCµ events with a neutral pion in the final state.
The first MID source is suppressed because the electron points back to the end of the muon
track and therefore is generally tagged by event selection algorithms. Additionally, these
events are removed if the outgoing track is correctly identified as a muon. However, this
background may be more prominent if the muon reconstructed track direction gets flipped
(after which, correct identification of the muon track becomes more difficult, and the elec-
tron would point back to the start of the track). The effect of flipping this track is not
included in this analysis, but the impact is expected to be small because there are several
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handles on track directionality in LArTPCs including from multiple Coulomb scattering,
delta rays, and calorimetric information (the presence of a Bragg peak). Also, one can dif-
ferentiate between such an electron-muon background event from an electron-proton signal
event by leveraging the differing dE/dx for the muon as compared to the proton.
The second MID source occurs when one of the photons of the neutral pion decay from
a νCCµ pi
0 interaction is misidentified as an electron. This background is greatly suppressed
because the dE/dx of the shower should be photon-like, and the shower points back towards
the muon start point. The fact that the shower is displaced from the muon start point allows
for a photon-like likelihood calculation using both the shower dE/dx and the radiation
length, which is a more powerful discrimination tool to tag the shower as being from a
photon (as described in Section 6.3.1). Additionally, if the second photon converts inside of
the detector, this provides another handle that the shower is from a neutral pion. Lastly,
if the muon is correctly identified as such (from dE/dx or other considerations) then this
background gets further reduced.
6.4.1.3 Intrinsic Neutral Current (NC)
The intrinsic NC background comes from neutral current interactions by any neutrino type
from the beam. In these interactions, the neutrino interacts with the exchange of a neutral
Z boson, and the neutrino carries off some energy and momentum as it exits the detec-
tor. The predominant NC background for the low energy excess analysis are νx (mostly
νµ) interactions with a neutral pion in the final state. This was by far the most dominant
background in the MiniBooNE νe appearance analysis (see Figure 5.4). In this topology,
one of the photons from the neutral pion decay is mis-identified as an electron coming from
a νCCe interaction. This background is significantly mitigated when both photons convert
inside of the detector. In that case, the presence of two showers pointing back to a common
origin allows for the event to be rejected.
An additional NC background topology is NC ∆→ Nγ, though this background is sub-
dominant to the aforementioned neutral pion decays (with a relative rate of about 0.5% as
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compared to neutral pion decays).
6.4.1.4 Beam-Induced, TPC External (“B.I.T.E.”)
This background comes from beam neutrino interactions that occur outside of the TPC
sensitive volume, but inside of the cryostat volume (including the cryostat walls). By
volume (and mass), this region is roughly half of the volume of the entire cryostat. The
predominant topology for this background are neutrino interactions involving a neutral
pion in the final state where only one photon from the pion decay converts inside of the
active volume. Since this photon may not point back to any other reconstructed objects in
the TPC, only its dE/dx can be used in the electron/photon separation likelihood which
provides less discrimination power than if a radiation length could be used as well. Note
that this analysis does not explicitly ask for a visible hadronic vertex, otherwise many of
these backgrounds would be mitigated (though much of the signal would be mitigated as
well). In this analysis, this background can be mitigated, as was done in MiniBooNE, with
cuts like backward-projected distance to a TPC wall, since they are all coming from outside
of the TPC.
6.4.1.5 Cosmic
This background comes from cosmic rays that pass through the detector. The relatively
high cosmic rate inside of the detector hall makes for on the order of tens of cosmic rays
passing through the detector during the full readout window. Since the readout window
is several milliseconds (since this is the time scale with which ionizations drift across the
width of the TPC) and the cosmic rate through the detector is on the order of 5 kHz,
roughly 20 cosmics arrive during each readout window. Measured reconstructed cosmics for
an example full readout window of 4.8 ms are shown in Figure 6.13.
Cosmic MID topologies include but are not limited to showers that radiate off of cosmic
ray muons, and showers born from cosmic neutron scatters. The vast majority of MIDs
from cosmics can be removed by requiring the reconstructed neutrino interaction is matched
to a flash inside of the beam gate window. Given the ratio of beam gate window size to
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Figure 6.13: A 3D event display showing measured cosmic tracks entering the MicroBooNE
detector. The three boxes show the full readout window of the detector which corresponds to
4.8 ms. The red highlighted box shows the physical volume of the TPC. The colored lines
are 3D reconstructed cosmic tracks. Data taken in August, 2015.
readout window size ( 1.6µs4.8ms = 0.0003), this requirement mitigates a large fraction of the
cosmic backgrounds. However, the majority of triggered beam events are not triggered by a
neutrino interaction in them but are instead triggered by a cosmic ray that arrived during
the beam gate window. These events are referred to as “in-time” cosmics. Given the num-
ber of readouts triggered by cosmics inside of the beam gate window rather than neutrinos
arriving inside of the beam gate window, the cosmics background can be sizable, especially
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in the relevant low energy region. The measured relative rate of bright reconstructed flash
times inside the 1.6 µs beam spill window with respect to the constant cosmic background
in MicroBooNE is shown in Figure 6.14. The ratio of cosmic-triggered events to neutrino
triggered events from that plot is 1 : 0.45, and only about half of those neutrino interac-
tions are inside of the active volume (and are reconstructible), making the ratio closer to
5 triggered cosmic readouts for every neutrino triggered readout in which the neutrino is
reconstructible6.
In addition to these “in-time” cosmics (those that triggered a readout and arrived dur-
ing the beam gate window), an additional cosmic background comes from events in which a
neutrino interacts inside of the beam gate window, triggering a readout, but an out-of-time
cosmic MID topology gets incorrectly matched to the neutrino flash. These cosmic MIDs are
appropriately referred to as “out-of-time” cosmics. The “out-of-time” cosmic background
is not included in this analysis, but its size relative to the “in-time” cosmics is small.
6.4.2 Background Normalization
As described in Section 6.2.1, the simulated background samples used in this analysis can
be classified either as beam-induced, or cosmic. Each beam-induced background has an
associated simulated protons-on-target (POT) generated, and they are each normalized to
6.6 × 1020 POT, the nominal amount of beam scheduled to be delivered to MicroBooNE
over the course of three years of running. The cosmic simulated sample does not have an
associated POT, but instead has an associated total exposure time. The normalization
of this sample must involve disregarding the event selection cut in which a reconstructed
optical flash occurs within the timing of the beam gate window (described in Section 6.4.3).
6While this calculation assumes the optical flashes are bright (flashes greater than 50 photoelectrons),
the triggering threshold is lower than that so this ratio estimate is conservative; in reality the ratio is larger
than 5:1.
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Figure 6.14: The measured distribution of flash times (requiring flashes greater than 50PE)
with respect to the trigger time for BNB-triggered events, shown as a ratio to the expected
cosmic rate from off-beam data. The blue band denoting the cosmic rate was centered at
one, with a width corresponding to the measured uncertainty in the cosmic rate. A clear
excess can be seen due to neutrinos between 3 and 5 µs after the trigger. This is where
the neutrinos were expected based on the RWM signal arrival time. A total of 1.92E6 BNB
triggered events (unbiased trigger) were used to produce this plot.





= 211 seconds (6.3)
Therefore, a simple cosmic background scale factor is computed based on the simulated
cosmic exposure time corresponding to 211 seconds.
6.4.3 Analysis Cuts and Results
A number of additional analysis cuts are placed on the selected candidate νCCe events. The
purpose of these cuts is to first down-sample the selected νCCe selected events into a sample
of νCCQEe events by removing those reconstructed as having pions in the final state. An
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additional reason to place these cuts is to mitigate backgrounds that the event selection
algorithms were unable to remove themselves. The analysis cuts used are described here.
The analysis cuts placed are:
1. The reconstructed νe interaction is matched to a flash inside of the beam gate win-
dow (this cut is not placed on the cosmic background simulated sample for reasons
described in Section 6.4.2).
2. If the reconstructed νe interaction has additional particles reconstructed to be in the
final state, those particles are limited to protons only (using assumed perfect efficiency
to tag a track as a proton). This down-samples the νCCe selected sample to specifically
νCCQEe .
3. Minimum primary νCCe reconstructed electron energy deposited of 60 MeV.
4. A fiducial volume of 10 cm from all sides of the detector is placed on the neutrino
interaction vertex.
5. A projected-backwards-distance-to-wall cut of 40 cm is placed on the primary νCCe
reconstructed electron. The projected-backwards-distance-to-wall cut is computed by
back-projecting the reconstructed νCCe electron along its shower axis until it intersects
with the TPC boundaries. The distance between the electron start point and the wall
intersection point is the distance on which the cut is placed. This cut removes photons
that are coming into the detector from outside and, thus, will point back to the TPC
boundaries.
The efficiency of the event selection algorithms with “perfect reconstruction” inputs
to select signal events and to select background events (“MID efficiency”) is summarized
in Table 6.3. The numerator of this efficiency is the number of events tagged as νCCQEe
candidate interactions and the denominator is the true number of events with the speci-
fied interaction type. The second column in the table does not include the additional final
analysis selection cuts which are placed on the reconstructed interactions in the efficiency
numerator, and the third column does. The background categories are described in more
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Event Selection Efficiencies
True Event Type Efficiency Efficiency Including
Analysis Cuts
Final Number of Events
νCCQEe 82.09% 61.42% 425.4
νCCµ 0.68% 0.02% 21.3
νxNC 0.86% 0.13% 50.6
B.I.T.E. 1.07% 0.05% 92.5
Cosmic 5.88% 0.12% 23.1
Table 6.3: Event selection efficiencies on “perfect reconstruction”. The right-most column
indicates the final number of selected events including analysis cuts, normalized to the nom-
inal MicroBooNE running period of 6.6×1020 protons on target.
detail in Section 6.4.1. In the case of the cosmic background category, the denominator is
the true number of events triggered by a cosmic arriving within the beam gate window that
do not include a neutrino interaction. Note that efficiency to select νCCQEe events including
all analysis cuts is 61% and albeit with “perfect reconstruction”, it is still more than twice
the MiniBooNE efficiency as was planned.
The backgrounds to the νCCQEe appearance search in MicroBooNE are shown in Figure
6.15, normalized to the nominal MicroBooNE expected POT, with statistical-only error
bars shown. The event selection is described in Section 6.3, the background topologies
described in Section 6.4.1, the relative normalization between samples described in Section
6.4.2, and the energy reconstruction described in Section 6.3.3.
6.5 MiniBooNE Low Energy Excess Signal Modeling In Mi-
croBooNE
This section describes how the signal sample is generated for this sensitivity study, along
with the necessary assumptions made in the process. First, the signal is assumed to orig-
inate from beam-induced νCCQEe interactions (this is the electron-like hypothesis for the
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Figure 6.15: The backgrounds to the νCCQEe appearance search in MicroBooNE with
statistical-only error bars shown. The event selection is described in Section 6.3, the back-
ground topologies described in Section 6.4.1, the relative normalization between samples
described in Section 6.4.2, and the energy reconstruction described in Section 6.3.3.
excess). No study for a photon-like excess is described in this thesis. In this electron-like
excess sensitivity estimate, the signal sample consists of simulated intrinsic νCCQEe inter-
actions from the BNB generated uniformly throughout the MicroBooNE TPC. The energy
and angle of these events are re-weighted to match the published energy and angle distri-
butions of the excess as observed by MiniBooNE.
The MiniBooNE public data set [29] provides one dimensional distributions of uz, Evis,
and ECCQEν for the excess events, where uz is the z-direction cosine (the z- component
of the unit momentum) of the observed particle in the low energy excess sample, Evis is
the visible energy associated with the event, and ECCQEν is the calculated neutrino energy
assuming the interaction was charged current quasi-elastic (see Equation 5.1).
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Given these three one-dimensional distributions, a two-dimensional distribution of uz
vs. Evis is built by using the CCQE formula
7. By comparing the MicroBooNE signal sam-
ple two-dimensional histogram of νCCQEe electron uz vs. Evis to this MiniBooNE excess
distribution, re-weighting factors are computed to reshape the MicroBooNE signal sample
to match the MiniBooNE excess in this parameter space.
The strategy to generate the MiniBooNE excess two dimensional distribution is as fol-
lows:
1. Draw independently from each of the the two one-dimensional histograms: uz and
Evis.
2. For every drawn pair, calculate the corresponding ECCQEν with Equation 5.1 and
decide whether to accept it according to the published MiniBooNE excess ECCQEν
one-dimensional distribution.
• The probability of accepting a calculated ECCQEν that falls within the bin’s
boundaries is equal to the height of the unit-normalized ECCQEν distribution
in any given bin.
3. Repeat this process until the number of accepted pairs = N × Integrated number of
excess events in the uz distribution (choosing N to be large: E.G. N = 1000). This
two dimensional distribution represents the observed excess as seen from MiniBooNE.
4. Divide this distribution by the MiniBooNE published efficiency for single electrons
(given as a function of Evis) to uncover the shape of the true excess event distribution
in MiniBooNE8.
5. Smooth the resulting two-dimensional distribution with a default ROOT TH2::Smooth()
function.
7The CCQE energy formula should use lepton energy, Ee, but here Evis is used instead. This is assuming
that the lepton energy is approximately the same as the visible energy.
8No efficiency as a function of any other variable (E.G. uz) has been published by MiniBooNE.
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The resulting two-dimensional distribution of uz vs. Evis for the true MiniBooNE excess
events is shown in Figure 6.16.
Figure 6.16: The computed distribution of uz (how forward-going the event is) vs. Evis for
N = 1000 times the MiniBooNE low energy excess (raw) events.
While the shape of the simulated MicroBooNE signal events is determined by the above
process, the absolute normalization of this sample is computed by comparing the relative
size of the signal with respect to the intrinsic νe backgrounds as observed by MiniBooNE.
This is appropriate to do only because of the assumption that the origin of the low energy
excess is intrinsic BNB νe. From MiniBooNE data and MC, there are 187.7 excess signal
events and 148.4 intrinsic νe events in the E
CCQE
ν energy range from 100 to 600 MeV. In
this analysis, the number of intrinsic νe events in that E
CCQE
ν energy range in MicroBooNE
is computed to be 159.8, and therefore the simulated signal sample is normalized to have
159.8*(187.7/148.4)=201.3 events in that ECCQEν energy range.
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6.5.1 Sensitivity Results
Shown in Figure 6.17 is the previously shown stacked backgrounds, now with the scaled
MiniBooNe low energy excess signal included. Also labeled on the plot is the computed
significance of 11.57σ, including only statistical errors. The details on the computation of
the significance is described in the next section.
Figure 6.17: The backgrounds to the νCCQEe appearance search in MicroBooNE with scaled
signal drawn. The event selection is described in Section 6.3, the background topologies
described in Section 6.4.1, the relative normalization between samples described in Section
6.4.2, and the energy reconstruction described in Section 6.3.3. The scaled signal is described
in Section 6.5.
6.5.1.1 Significance Calculation
For a given stacked background plot with a scaled signal on top, the statistical-only signif-
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where ~S is a vector containing the size of the signal, with length equal to the number of
bins in the histogram, n, and E is the n × n statistical-only covariance matrix (diagonal
matrix with entries equal to the summed number of background events per bin).
6.5.1.2 Systematic Error Estimates
In order to compute a realistic significance to the low energy excess in this analysis, a treat-
ment of systematic uncertainties is necessary. While this is a detailed and important study,
a conservative simplified estimation of these uncertainties is described here.
Previous studies described in the proposal for the Short Baseline Neutrino experiment
(which includes MicroBooNE as one of three detectors) [30] quote the integrated νe and νµ
flux uncertainties to be on the order of 10 to 15%. This number comes from systematic
uncertainty estimates related to primary production of pi+, pi−, K+, K−, and K0L in p+Be
collisions at 8 GeV in the BNB, secondary interactions of p, n, pi± in the beryllium target
and aluminum horn, and beam focusing with the magnetic horn.
The SBN studies also quote the cross section uncertainties to be on the order of 20%.
This number comes from varying model parameters in the GENIE neutrino interaction
generator to determine 1σ uncertainties. Parameters varied include axial mass for CCQE
events, axial mass for CC resonant neutrino production, axial mass for NC resonant pro-
duction, neutral current normalization, and switching of deep inelastic scattering nuclear
models. A full list of parameters varied and their 1σ uncertainties can be found in the
GENIE manual, Section 8.1 [25].
While many of these uncertainties are strongly correlated across energy bins, a very
conservative approach is to simply include a flat, uncorrelated flux uncertainty of 15% and
a similarly flat, uncorrelated cross section uncertainty of 20%. These uncertainties are ap-
plied to all beam-induced backgrounds in this analysis. The systematic uncertainties on
the cosmic-induced backgrounds are not known, but given the relatively small size of these
backgrounds in this analysis, even a systematic of 50% would have small impact on the
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final computed significance, so this systematic is neglected. Additional uncertainties from
sources including detector systematics are expected to be sub-dominant to the relatively
large flux and cross-section systematics, and are therefore similarly neglected. It is impor-
tant to note that these conservative estimates are ignoring many in situ measurements that
can be done in MicroBooNE to constrain the uncertainties, as MiniBooNE did. Doing a
combined νe plus νµ analysis highly constrains the flux ans cross-section systematics and
reduces them considerably. Such a constraint is done with a combined error matrix which
has off-diagonal elements relating the νe and νµ event numbers. The νe cross-section un-
certainties are constrained by the observed νµ events since νe and νµ cross-sections are the
same except at very low neutrino energies where mass effects become relevant, but these
are theoretically well understood. Also, NC pi0 measurements help constrain cross section
× flux uncertainties for that process, but this background should be small in any case for
the MicroBooNE measurement.
In order to include the flux and cross-section systematics in the significance calculation,
Equation 6.4 is modified. As quoted, E is the n × n diagonal covariance matrix with
entries equal to the summed number of background events per bin. To include the flux and
cross-section systematics, E is modified as
E = Estat + Eflux + Exsec (6.5)
where Estat is the previous statistical-only covariance matrix, while Eflux represents the
assumed uncorrelated flux systematic and Exsec the assumed uncorrelated cross section
systematic. Eflux is diagonal with entries equal to the number of beam-induced (non-cosmic)
background events in that bin times the fractional uncertainty, squared:
Ei,iflux = (N
i
beam-induced ∗ 0.15)2 (6.6)
and Exsec is similarly diagonal:
Ei,ixsec = (N
i
beam-induced ∗ 0.20)2 (6.7)
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6.5.1.3 Realistic Shower Reconstruction Efficiency
So far in this analysis, the shower reconstruction efficiency has been 100% because the
input objects are “perfect reconstruction”. In order to emulate a more realistic potential
shower reconstruction efficiency, an additional study has been done in which the shower
reconstruction efficiency is modeled in an energy dependent way, though the efficiency is
effectively constant at 85% for showers with energy included in this analysis (above 60
MeV deposited). The value of 85% was chosen because this is approximately the maximum
shower efficiency for electromagnetic showers with energy between 50 MeV and 5 GeV
published by the ICARUS collaboration [31]. The resulting stacked background histogram
with modeled signal is shown in Figure 6.18. The computed (statistical only) significance
when realistic shower reconstruction efficiencies are included in the analysis is 10.10σ.
Note that in comparing Figure 6.17 to Figure 6.18, not all sample sizes are simply
reduced by 15%. For example, the intrinsic NC backgrounds actually increase when the
shower reconstruction efficiency is decreased. This is because these backgrounds arise pri-
marily from pi0 decays, and they are mitigated by event selection algorithms that locate
both subsequent photon showers pointing back to a common origin and correlate them to-
gether. With reduced shower reconstruction efficiency, sometimes only one of the pi0 decay
showers gets reconstructed and subsequently gets misidentified as a candidate νCCe electron.
6.5.1.4 Final Results
A complete summary of MicroBooNE’s computed significance to the MiniBooNE low en-
ergy excess assuming an electron-like signal hypothesis for “perfect reconstructed” objects,
“perfect reconstructed objects” with simulated realistic shower reconstruction efficiency,
with and without conservative systematic uncertainties is shown in Table 6.4.
6.5.1.5 Next Steps
The described “perfect reconstruction” sensitivity study to an electron-like excess is an
important tool for MicroBooNE. The event selection algorithms have been developed with
these objects, and are ready to be used out-of-the-box when automated track and shower
reconstruction efforts become more fruitful in the future. Already the algorithms I have
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Figure 6.18: The backgrounds to the νCCQEe appearance search in MicroBooNE with scaled
signal drawn. The event selection is described in Section 6.3, the background topologies
described in Section 6.4.1, the relative normalization between samples described in Section
6.4.2, and the energy reconstruction described in Section 6.3.3. The scaled signal is described
in Section 6.5. Here the shower reconstrution efficiency has been decreased from the “perfect
reconstruction” value of 100% to 85% to emulate possible realistic shower reconstruction
efficiencies.
developed are being used in combination with samples of MC simulation analyzed with full
reconstruction programs to make a better sensitivity estimate. Efforts to apply systematic
errors to this full reconstruction estimate are also in the process of being implemented. This
sensitivity study can be used to set goals for the experiment by smearing or modifying the
“perfect reconstruction” objects. For example, with this analysis the sensitivity to the low
energy excess can be computed as a function of shower reconstruction efficiency to drive
the shower reconstruction efforts. Also, the sensitivity as a function of POT delivered has
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MicroBooNE Sensitivity Significances
“Perfect Reco” (stat only) “Realistic Reco” (stat only) “Realistic Reco” (stat+sys)
11.57σ 10.10σ 6.52σ
Table 6.4: Summary of computed significances to the MiniBooNE low energy excess in
MicroBooNE assuming an electron-like signal hypothesis.
already been used to guide discussions on data blinding9.
As mentioned, no photon-like excess search is described in this thesis. It is important to
determine a sensitivity to an electron-like excess as well as a photon-like excess, because the
true origin of the excess is still unknown. In order to conduct a photon-like excess search,
event selection algorithms and analysis cuts would have to be developed to search for single
photon events rather than single electron events.
An important takeaway from this electron-like excess analysis is that systematics play
an important role in the ultimate sensitivity. The flux systematic is particularly large, but
is constrained by a νe and νµ combined analysis. As shown, the largest background in the
MicroBooNE low energy excess search is from intrinsic νe in the beam, which come from
either muon decay in the beam-line, or kaon decay in the beam-line. In the low energy
region, the majority of intrinsic νe come from muon decay, which is tied to the observed νµ
events, as demonstrated by MiniBooNE. Constraining the remaining νe from kaon decay
can be done by observing the high energy νµ rate, the topic of the next chapter.
9The MicroBooNE Collaboration allows for a small sample (about 7.5%) of its nominal collected neutrino
data to be available to analyzers for reconstruction efforts and data to simulation comparisons. Developing
analyses on a small subsample of the data (the “unblinded” portion) and then executing the analysis on the
full data set only after it has been thoroughly vetted is important to prove that the analysis isn’t biased
towards a particular result.
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Chapter 7
Studies of Kaons Produced at the
Proton Target
This chapter of the thesis will describe a MicroBooNE analysis done with the goal of con-
straining the intrinsic νe background for the previously described low energy excess search.
As shown, this is the dominant background in the search. Over the entire booster neu-
trino beam energy range, 38% of the intrinsic νe background comes from kaon decay in the
booster neutrino beam-line. The breakdown of νe interactions from the beam by parentage
is shown in Figure 7.1. The systematic uncertainty on the flux of νe from kaon decay is one
of the largest uncertainties reducing the low energy excess significance; this uncertainty was
set to 40% in initial MiniBooNE publications, which is discussed in more detail in Section
7.1. This chapter will describe how measuring the highest energy νµ interactions in Mi-
croBooNE provides information about the kaon production in the beam-line, and constrain
this important systematic. Exactly how these events are reconstructed and selected will be
described, data to Monte Carlo comparisons will be shown, and the future prospects and
next steps for this analysis will be discussed.
7.1 BNB Kaon Production Introduction and Motivation
As described in Chapter 4, the BNB is predominantly composed of νµ (92.9%) and νµ (6.5%)
with a small contamination of νe and νe (0.6% combined). The BNB flux by neutrino type
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Figure 7.1: The breakdown of νCCe interactions in MicroBooNE from the booster neutrino
beam-line by νe parentage. νe from K
+ decay is the primary contributor to the intrinsic νe
interaction rate at higher neutrino energies.
at the MicroBooNE detector in neutrino-mode running is shown in Figure 7.2.
The decay modes producing beam νµ and νµ are
• pi+ → µ+ + νµ
• K+ → µ+ + νµ
• pi− → µ− + νµ
and the decay modes producing beam νe and νe are
• K+ → pi0 + e+ + νe
• µ+ → e+ + νµ + νe
• K0L → pi− + e+ + νe
• K0L → pi+ + e− + νe.
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Figure 7.2: The Booster Neutrino Beam (BNB) flux at MicroBooNE.
For the νµ in the beam, the breakdown of νµ production parentage as a function of
neutrino energy is shown in Figure 7.3. The two peaks in the K+ curve (red) at neutrino
energies below 0.3 GeV Eν are from two- and three-body K
+ decays at rest. In the energy
region Eνµ < 2 GeV, most νµ come from pi
+ decay, whereas at higher energies most νµ
come from K+ decay. Therefore, the strategy to measure K+ production in the beam is to
select high energy νµ interactions and compare simulation to data in terms of event rates
in order to compute a normalization factor with an uncertainty.
In the initial MiniBooNE publications, the systematic uncertainty on the intrinsic νe
from K+ decay in the beam was 40%. This systematic came from several sources in the
beam simulation process including proton delivery/optics, secondary particle productions,
hadronic interactions in the target or horn, and horn magnetic field. In contrast to kaon
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Figure 7.3: The beam νµ parentage as a function of true neutrino energy.
production, the uncertainty for pion production is small since it was determined from spline
fits to external HARP pion double differential cross section data using the Sanford-Wang
(SW) parametrization [32] [13]. There was no published external data for K+ production
at the BNB primary proton beam energy of 8 GeV, so the Feynman scaling hypothesis was
used to extrapolate K+ production measurements to this energy [15]. Following a mea-
surement by the SciBooNE collaboration [16], the uncertainty on the K+ production cross
section was reduced to 14%, resulting in an intrinsic νe rate (flux times cross-section) uncer-
tainty of 18%. Even with this drastic reduction, K+ production is still the largest source of
uncertainty for BNB νe interactions above neutrino energies of around 0.6 GeV. With the
SciBooNE result incorporated into the estimation of flux systematics, the fractional error
on the νµ flux in MicroBooNE is shown in Figure 7.4, and the fractional error on the νe
flux (relevant for the low energy excess search) is shown in Figure 7.5.
The analysis described in the following sections aims to measure the K+ production
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in the beam-line by using the rate of very high energy νµ interactions in the MicroBooNE
detector.
 Energy (GeV)µν

























Figure 7.4: The fractional error for the BNB νµ flux through MicroBooNE, broken up by
systematic source. “Other” includes hadronic interactions, horn current uncertainty, skin
depth effects, etc. The production uncertainties are divided by neutrino parent. Note the
largest uncertainty at higher νµ energies still comes from K
+ production, even including the
SciBooNE measurement.
7.2 Event Selection
The topologies of interest for this analysis are charge-current νµ interactions in the Mi-
croBooNE TPC. In such interactions, a νµ interacts with a nucleon in an argon atom,
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 Energy (GeV)eν

























Figure 7.5: The fractional error for the BNB νe flux through MicroBooNE, broken up by
systematic source. “Other” includes hadronic interactions, horn current uncertainty, skin
depth effects, etc. The production uncertainties are divided by neutrino parent. Note the
largest uncertainty for νe above about 0.5 GeV neutrino energy still comes from K
+ pro-
duction, even including the SciBooNE measurement.
exchanging a charged boson. Which particles exit the interaction depend on interaction
channel and final state interactions, but in general these events have a muon in the final
state. The relative probability of interaction type (quasi-elastic QE, resonant production
RES, or deep inelastic scattering DIS) can be inferred from Figure 7.6. While most νµ
interactions in the dominant BNB energy region peaked at 0.7 GeV are quasi-elastic in
nature, resonant production and deep inelastic scattering become more probable at higher
neutrino energies.
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Figure 7.6: Muon neutrino charged-current cross section measurements and predictions as a
function of neutrino energy. QE stands for quasielastic channels, RES stands for resonant
channels, and DIS stands for deep inelastic scattering channels.
The strategy is to select νµ interaction events in MicroBooNE, reconstruct the neutrino
energy, and then place a minimum energy cut to obtain a pure sample of νµ events origi-
nating from kaon decay in the beam-line. The interaction reconstruction, selection criteria,
and neutrino energy definition are described in the following subsections.
7.2.1 Track Reconstruction
This section provides a brief overview of how particles traversing the detector medium are
physically observed and are reconstructed in software. For a thorough description of the
MicroBooNE detector, see Section 3.
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In a νCCµ (charge current) interaction, a muon exits the interaction vertex. This particle
leaves a trail of ionization electrons that create a relatively straight-line pattern in three di-
mensions. This line of ionization electrons is referred to as a track. Other relevant particles
traversing liquid argon that create tracks are protons and charged pions. These ionization
electrons are drifted by an external electric field past three anode wire planes, each with a
different angle with respect to the vertical (-60 degrees, 0 degrees, and +60 degrees). There
is a 3 mm spacing between each plane, and a 3 mm pitch between each wire. Scintillation
light from the particle is observed by photomultiplier tubes (PMTs) situated behind the
anode wire planes. The signals observed on each wire plane provides a 2D image of the
particle track, and combining information across multiple planes allows for a complete 3D
reconstruction, though there is ambiguity for the absolute location along the drift coordi-
nate. Matching the timing of PMT signals with that of wire signals from a track clarifies
this ambiguity, resulting in fully 3-dimensional reconstructed tracks.
The pattern recognition software used in this analysis to convert detector signals to
reconstructed 3D tracks is named Pandora [33]. This package is responsible for taking re-
constructed wire signals in a triggered MicroBooNE event, clustering them on each plane
(with clusters representing individual particles in the event), and matching those clusters
across planes to create 3D objects. In general, event reconstruction in a LArTPC is a
difficult problem which the MicroBooNE collaboration is currently working to solve. The
Pandora package is a complex one which consists of a large number of nested algorithms
designed to perform pattern recognition tasks, and these algorithms are not limited only to
LArTPCs.
The output of the Pandora package that is relevant for this analysis are 3D recon-
structed tracks created by Pandora’s Projection Matching Algorithm (PMA), as well as 3D
reconstructed interaction vertices which represent candidate neutrino interaction locations.
Since νCCµ interactions always include a muon track exiting an interaction vertex, this is
the fundamental criteria to select a sample of these CC events. More detailed criteria are
needed to mitigate backgrounds, and the selection cuts are described in more detail in the
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following section.
7.2.2 Selection Criteria
The following selection criteria are placed on the reconstructed objects to select νµ charged-
current interactions in which a candidate muon track exits the interaction vertex:
1. The event must have at least one bright (50 photoelectrons equivalent) optical flash, re-
constructed from PMT timing signals, in coincidence with the expected BNB-neutrino
arrival time.
2. The z coordinate of the optical flash, as determined by the pulse height and timing
of signals in the 32 PMTs, must be within 70 cm of any point on the z projection of
the candidate muon track.
3. Two or more reconstructed tracks must originate from the same reconstructed vertex
within the fiducial volume.
4. For events with exactly two tracks originating from the vertex, additional calorimetric
criteria are applied to mitigate backgrounds from cosmic muons that arrive in time
with the passage of the beam, then stop and decay to an electron that is reconstructed
as a track.
5. The length of the longest track associated with the interaction must be at least 15
centimeters in length.
6. For events with exactly two tracks originating from the same reconstructed vertex,
they must not have exactly opposite directions (to within 5 degrees).
Selection criteria (1) and (2) are necessary to mitigate backgrounds originating from
cosmic rays arriving in coincidence with the expected beam-neutrino arrival time and trig-
gering a readout.
Selection criteria (3) is necessary to mitigate cosmic backgrounds. Cosmics entering
from outside of the TPC will often lead to reconstructed neutrino vertices very close to the
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TPC boundaries. The boundaries of the fiducial volume used in this analysis are set back
from the six faces of the active volume by distances of between 20 and 37 cm, depending on
the face. This volume was also chosen to reduce the impact of electric-field non-uniformities
near the edges of the TPC [34], which are relevant when reconstructing a track energy (de-
scribed in the next section). The fiducial volume corresponds to a mass of 55 tons.
Selection criteria (3) is also necessary to address mis-identifications stemming from track
reconstruction failures. There exists a sizable background in which a cosmic traverses the
entire detector, but only a portion of its track gets reconstructed, mimicking the one-track
topology. These one-track events are removed at the cost of νCCQEµ interactions in which
only a muon exits the interaction vertex. Given that this analysis is geared towards the
highest energy νµ interactions which are often in the RES or DIS channel (multi-track),
this cut doesn’t remove many high neutrino energy signal events.
Selection criteria (4) is necessary to remove the specific topology where a cosmic ray
muon stops in the detector (with an increased ionization rate as it approaches its endpoint,
known as a Bragg peak) and subsequently decays into an electron. This topology has two
tracks exiting a “kink”, which mimics a νCCµ topology. This cut leverages the presence of
the Bragg peak to correctly identify the directions of the two tracks and therefore remove
this event from the analysis.
Selection criteria (5) and (6) are additional cuts to mitigate specific track reconstruction
failure modes that are present when reconstructing cosmic rays. In these failure modes, a
long straight track can be broken up and reconstructed as two or more straight tracks, with
a reconstructed vertex as the breaking point.
The above selection criteria serve only to select a sample of νCCµ events, which come
from both pion and kaon decay. The efficiency to select these events these is defined as
νCCµ =
# selected events
# true νCCµ events in the fiducial volume
(7.1)
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and the purity is defined as
piνCCµ =
# true νCCµ correctly identified events in selected sample
# selected events
. (7.2)
With the described selection criteria, the efficiency νCCµ is 27% in simulation. This efficiency
is rather low because of the requirement of two reconstructed tracks exiting the interaction
combined with a low track reconstruction efficiency, especially for short tracks near the
vertex1. The purity is 82%, and the primary contaminating backgrounds are those from
cosmics. The backgrounds to this analysis are discussed in more detail in the following
section.
7.2.3 Backgrounds
There are three main backgrounds to this νCCµ from K
+ decay search: νCCµ from pi decay
interactions, neutral current interactions, and cosmic-induced backgrounds. The νCCµ from
pi decay interactions are the most dominant background and will be removed with a cut on
neutrino energy, which is described in the following section.
The neutral current backgrounds occur when a beam neutrino of any flavor interacts
in such a way as to mimic a νCCµ interaction. For example, a neutrino can interact with a
nucleus and liberate a proton and a charged pion. In this case, the charged pion may be
mis-identified as a muon.
The cosmic-induced backgrounds are mitigated largely by the previously described event
selection cuts. Their topologies are usually caused either by track reconstruction failures,
or by stopping muons which decay into electrons. In the latter example, the track direction
of the muon must be incorrect, and the decay electron must be reconstructed as a sepa-
rate track. Though many calorimetric and track-length based selection criteria are used to
reduce this background, it still persists because the rate of stopping cosmics in triggered
1For this track reconstruction algorithm, the efficiency to reconstruct the muon in a νCCµ interaction is
on the order of 80% for muons with momenta above 0.4 GeV, sharply decreasing to 30% for muons with
momenta around 0.1 GeV.
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readouts far outweighs that of νCCµ interactions.
With the events selected, the next step is to reconstruct the neutrino energy. This is
necessary because the neutrino energy is the variable through which the νµ from K
+ decay
sample of interest is isolated.
7.3 Neutrino Energy Reconstruction
Event selection (Section 7.2.2) provides a sample of candidate νCCµ interactions consisting
of a number (> 2) of reconstructed tracks exiting a common neutrino interaction vertex.
Each track must first be associated with a particle identity (referred to as PID) in order
to compute the energy of that track. Note that in νCCµ pi
0 interactions there will also be
two showers exiting the vertex from the neutral pion decay. However, these showers (and
therefore their associated energy) are ignored. The reason for this is that at the time of
this analysis, the shower reconstruction performance in MicroBooNE software isn’t at an
adequate level to include them. Excluding them will ultimately worsen the energy recon-
struction performance, but the performance is still sufficient to select a pure sample of νCCµ
interactions from K+ decay, as will be shown later.
The longest track associated with the interaction is assumed to be the muon, which is
reasonable because on average around half of the neutrino energy in a νCCµ interaction is
transferred to the outgoing muon, as shown in Figure 7.7. Also, muons are in general closer
to minimally ionizing than to other final state particles like protons and therefore produce
longer tracks.
The remaining tracks exiting the interaction are classified as either charged pions, or
protons. This is reasonable because only one muon can exit a νCCµ interaction vertex (bar-
ring negligibly rare topologies in which a charged pion is created and decays within the
nucleus, resulting in two muons in the final state). Protons are much more highly ionizing
than charged pions, and therefore the measured dE/dx of the tracks are used in classifica-
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tion; shorter, highly ionizing tracks are tagged as protons, and longer, lower ionizing tracks
are tagged as charged pions.
The reconstructed neutrino energy is defined as the sum of the energies of all tracks
exiting the interaction vertex. For muon and pion tracks, their total energies are added
(including mass), while for proton tracks only the kinetic energy is added. This is because
while the muons and pions are created with energy directly from the neutrino, the neutrino
is scattering off of a nucleon (n or p) and is producing a nucleon (p or n). Since neutrons and
protons have very similar masses, one doesn’t need to include the outgoing nucleon mass
in the energy calculations. This simplistic energy definition also neglects binding energy in
the nucleus, but that effect is small.
The method used to reconstruct the energy of the muon track depends on whether that
track is fully contained in the fiducial volume. In general, reconstructing the energies of
fully contained particle tracks in a LArTPC is straightforward, either with a range-based
approach, or a calorimetric approach (since calorimetric information can be gleaned from
the size of sense-wire signals). In this analysis, range-based energy is used for fully contained
muons. The stopping power of muons in liquid argon is well described by the continuous
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slowing-down approximation (CSDA) by the particle data group, and agrees with data at
the sub-percent level [35] [36]. By using a linear interpolation between points in the stop-
ping power table of ref. [36], the length of a track can be used to reconstruct the muon’s
total energy with resolution better than 4% and negligible bias.
For muon tracks that exit the fiducial volume (which is ultimately the case for all se-
lected νCCµ from K
+ decay), a different method is required to compute the track energy.
This method leverages a phenomenon called multiple Coulomb scattering (MCS), and the
development and characterization of this method is the subject of the next chapter and
a pending publication by the author of this thesis. The MCS energy resolution for well
reconstructed exiting muon tracks with at least one meter of their length contained in the
fiducial volume is energy dependent and on the order of 15% for muons with momenta
below 2.5 GeV/c, and on the order of 30% for muons with momenta between 2.5 and 4.0
GeV/c. A downside to the MCS method is that it requires at least a meter of track to be
contained. For muons that exit with less than a meter contained, the range-based energy
is necessarily used, which is often a significant underestimation of the true energy. Note
that, at this point, space charge effects most predominantly located near the edges of the
TPC are not included in this simulation. These electric-field non-uniformities have the ef-
fect of bending a track, which will cause the MCS technique to underestimate the track’s
energy. To remove the difference between data and Monte-Carlo, all reconstructed tracks
in this analysis are truncated to be contained within the fiducial volume, the dimensions of
which were chosen to include a region in which the effect of electric field non-uniformities
are small. This effectively converts the fiducial volume to an active volume, in which space
charge effects are negligible.
Charged pion tracks are treated in much the same way as muon tracks. When they are
contained, range-based energy is used, and when they exit, MCS energy is used (despite the
fact that MCS energy is tuned for muons, the same method works sufficiently well for the
purposes of this analysis on pions). Proton tracks are in general much shorter and therefore
their probability of exiting the fiducial volume is small. For these tracks, a range-based
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energy is used based on the stopping power of protons in liquid argon published by the
same aforementioned references.
Given the described event selection criteria, particle identification techniques, and track
energy methods, a distribution of the reconstructed neutrino energy versus true neutrino
energy for a sample of correctly identified νCCµ interactions in MicroBooNE simulation is
shown in Figure 7.8. It can be seen that the reconstructed energy tends to be an underes-
timation of the true energy. This is caused by the failure to include shower-based energy
from the interaction (as mentioned previously), as well as needing to use range-based energy
for tracks which have less than one meter contained in the TPC. While this reconstructed
neutrino energy could be improved upon, its performance is sufficient for this analysis. As
you can see from the figure, placing a cut on reconstructed neutrino energy at around 2.5
GeV will provide a relatively pure sample of events in which the true neutrino energy is
also above 2.5 GeV.
7.4 Results in Simulation
The simulation used for this analysis consists of BNB simulated neutrino interactions within
the entire MicroBooNE TPC. The BNB flux is described in Chapter 4 of this thesis. The
neutrino interaction event generator used is GENIE [25]. These interactions also include
simulated cosmic rays by the CORSIKA package [27]. This “BNB + Cosmic” simulation
provides the measurement sample as well as all relevant backgrounds. If a reconstructed
neutrino vertex is within 3 cm of a true νCCµ interaction vertex, that event will be classified
as either νµ from pion decay (background) or νµ from kaon decay (signal), depending on
the true neutrino parent. If the reconstructed neutrino vertex is within 3 cm of a true νNCx
interaction vertex, that event is classified as a neutral current background. Lastly, if the re-
constructed neutrino vertex is not near any true neutrino interaction point, the interaction
is classified as cosmic.
2.2 ×1020 protons-on-target are simulated in this analysis, and the final histograms are
CHAPTER 7. STUDIES OF KAONS PRODUCED AT THE PROTON TARGET 91
Figure 7.8: Reconstructed neutrino energy versus true neutrino energy for a sample of
correctly identified BNB νCCµ interactions in the MicroBooNE TPC.
renormalized to 0.5 ×1020. This scaling is done because when a comparison to data is made
(in the next section), only 0.5 ×1020 protons-on-target worth of data are available for this
analysis due to the blinding requirements imposed within the MicroBooNE collaboration.
Note that the nominal amount of protons-on-target scheduled to be delivered to Micro-
BooNE over a three-year running period is much more than this, 6.6×1020; unblinding the
full data set in the future will improve the strength of this analysis’ result by decreasing
the statistical uncertainty. At the time this thesis was written, MicroBooNE has accrued
roughly 80% of the expected protons-on-target, corresponding to 5.3 ×1020.
The distribution of simulated signal and backgrounds as a function of reconstructed
neutrino energy between 0 and 2.5 GeV (which is referred to as the sideband region for this
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analysis, and contains 98.8% of all selected events are contained in this region, though very
few neutrinos from kaon decay) in Figure 7.9. In this stacked histogram figure, the green
histogram represents νCCµ interactions from kaon decay, which is the signal of interest. In
this sideband region the νCCµ from pion decay (blue) is the dominant background, while
cosmic-induced backgrounds (red) are mostly relevant at reconstructed neutrino energies
below 1 GeV. Neutral current backgrounds (yellow) are sub-dominant.
Figure 7.9: Distribution of signal (green) and backgrounds normalized for 0.5 ×1020 protons-
on-target worth of data, for reconstructed neutrino energy below 2.5 GeV. This comprises
the sideband region.
In order to select a relatively pure sample of νCCµ from K
+ decay interactions, a cut on
reconstructed neutrino energy is placed at 2.5 GeV. The resulting sample has a kaon signal
purity of 81%, and is shown in Figure 7.10. In this region, the backgrounds from neutral
current interactions and from νCCµ from pi decay are drastically suppressed. Still remaining is
a cosmic-induced background which comprises 15% of the sample. The correlation between
energy and angle of all kaons which decay to produce νCCµ interactions in the fiducial volume
is shown in Figure 7.11, and the subset of those which are reconstructed and selected in this
CHAPTER 7. STUDIES OF KAONS PRODUCED AT THE PROTON TARGET 93
analysis to pass the 2.5 GeV cut on neutrino energy are shown in Figure 7.12. The projection
of these distributions onto the angle axis are shown in Figure 7.13, and onto the energy
axis in Figure 7.14. The mean energy and angle information for kaons which produce νµ
(all, and selected) and for those which produce νe (relevant for the electron-like low energy
excess analysis) are summarized in Table 7.1. The kaons selected in the signal region tend
to be skewed towards being more forward-going (smaller angle) and having higher energy,
though the production phase-space is still reasonably covered by the selection (as seen by
comparing Figures 7.11 and 7.12).
Figure 7.10: Distribution of signal (green) and backgrounds normalized for 0.5 ×1020
protons-on-target worth of data, for reconstructed neutrino energy between 2.5 GeV and
5 GeV. This comprises the signal region, which has an 81% purity of νCCµ interactions from
K+ decay in the beam.
7.5 Sideband Data and Simulation Comparisons
As shown in the previous section, the event reconstruction and selection is able to provide a
relatively pure signal sample of νCCµ from kaon decay interactions in the detector by choos-
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Figure 7.11: A two-dimensional plot of energy versus angle for all kaons in the beam pro-
ducing νCCµ interactions in the detector.
ing those with reconstructed neutrino energy above 2.5 GeV. While the sideband region
(with reconstructed neutrino energy below 2.5 GeV) is composed primarily of backgrounds
from νCCµ from pi decay interactions, it is used for lower-level comparisons between data and
simulation to increase confidence in results from the signal region. This section will show
several such comparison plots.
In order to compare data to simulation, there is a subtlety involving the cosmic back-
ground which needs to be taken into account. In the simulation, each triggered readout
event has a neutrino interacting somewhere within the TPC, along with several simulated
cosmic rays. However, in real data, the majority of triggers are induced by cosmic inter-
actions arriving during the expected neutrino arrival timing window (1.6µs), and do not
contain a neutrino interaction at all. To account for this, a sample of external (EXT) trig-
gered data is taken when the neutrino beam is turned off, in order to get an estimate of the
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Figure 7.12: A two-dimensional plot of energy versus angle for the subset of kaons in Figure
7.11 which are reconstructed and selected for this analysis (having reconstructed neutrino
energy above 2.5 GeV).
cosmic background. This “off-beam” data is then subtracted from the “on-beam” data in
the analysis, and the difference is what is directly comparable to simulation. The normal-
ization factor between “off-beam” and “on-beam” data is computed based on the number of
measured bright reconstructed optical flashes within the expected neutrino arrival window
both during “off-beam” (cosmic-only) runs and “on-beam” runs. This factor is computed
to be 0.844, which means that 84% of triggered BNB readouts relevant to this analysis in
MicroBooNE data are cosmic-induced. Note that while subtracting “off-beam” data from
“on-beam” data accounts for the cosmic backgrounds not included in simulation, there still
exists a cosmic background originating from readouts which are truly triggered by a neu-
trino interaction, but with a cosmic arriving during the milliseconds-long readout window
that is mistakenly identified as the selected neutrino interaction. This is the background
shown in red in the previously shown stacked histograms (for example in Figure 7.9). In
the forthcoming data-MC comparison plots, the “off-beam” data points are shown in cyan
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Figure 7.13: The kaon production angle distribution for all kaons in the beam producing νCCµ
interactions in the detector (red), the subset of those which are reconstructed and selected
in both the sideband and signal region (blue) and the subset of those in the Kaon enriched
signal sample, with reconstructed neutrino energy above 2.5 GeV (green).
for reference only; the purple points are the result of their subtraction from the on-beam
data.
The first low level data to simulation comparison done in the sideband region is a distri-
bution of the 3D length of the muon track associated with the interaction, and is shown in
Figure 7.15. This plot shows the simulated background and signals as a stacked histogram
with the same color-coding as shown previously (Figure 7.9). Statistical error bars are
drawn on the purple data points, taking into account the statistical uncertainties associ-
ated with the subtraction of the “on-beam” and “off-beam” samples. Below the main figure
is a bin-by-bin ratio plot of data divided by simulation. We see a normalization difference
over the entire length range of 0 to 600 cm between data and simulation of about 8%, with
data having fewer events than expected in simulation. This normalization difference is not
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Figure 7.14: The kaon production energy distribution for all kaons in the beam producing
νCCµ interactions in the detector (red), the subset of those which are reconstructed and
selected in both the sideband and signal region (blue) and the subset of those in the Kaon
enriched signal sample, with reconstructed neutrino energy above 2.5 GeV (green).
flat with length; the data deficit is more prominent for longer length tracks, perhaps at-
tributable to noise sources in the detector not adequately modeled in simulation. Such noise
sources include broken or sporadically noisy anode plane sense wires that tend to prevent
the longest tracks from being fully reconstructed. The overall normalization difference in
the sideband serves as a calibration factor to be applied to the signal region.
The next low-level data to simulation comparison in the sideband region is shown in Fig-
ure 7.16. This is the track multiplicity (the number of reconstructed tracks associated with
the interaction). The same normalization offset of 8% persists, as these are the same events
as in Figure 7.15. While data and simulation agree for two- and three-track events, they
begin to disagree for other multiplicities. The reason for this could be imperfect modeling
of nuclear interactions (including final-state intra-nuclear interactions) within the neutrino
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Kaon Production Summary
All Kθ [deg] Selected Kθ [deg] All KE [GeV] Selected KE [GeV]
νµ 5.36 [4.10] 3.63 [1.72] 3.33 [1.38] 4.39 [1.07]
νe 5.10 [3.68] N/A 3.32 [1.28] N/A
Table 7.1: A summary of the mean kaon production angle (Kθ) and energy (KE) in the
BNB for νµ interactions (all interactions interacting within the TPC, and the subset of those
which are selected in the analysis), and for νe interactions (providing backgrounds to the
electron-like low energy excess search). Reported in brackets is the RMS of each distribution.
interaction simulation package.
The next two data to simulation comparisons in the sideband region are shown in Figures
7.17 and 7.18. In these plots, the difference between data and simulation becomes sizable.
The first plot is the φ angle of the muon track associated with the interaction, where φ is
measured in radians with respect to the vertical, around the beam direction. Naively the
shape of this distribution should be flat, but the dips at ±pi2 correspond to tracks oriented
along the drift direction, which are difficult to reconstruct because of the geometry of the
sense wires. These dips are well matched between data and simulation but there are big
discrepancies at 0 and ± pi radians which are not understood. The second plot is the θ
angle of the muon track, measured with respect to the beam direction. A clear deficit of
forward-going tracks (with small θ) can be seen in data, with an excess of vertically-oriented
tracks (with θ ≈ pi2 ). This difference between data and simulation is particularly important
because the high energy νCCµ interactions which comprise the kaon-enriched signal region
have generally very forward-going muons. This difference might be attributed to poor neu-
trino interaction kinematics by GENIE in which GENIE incorrectly models the outgoing
muon angles, though there are no other analyses yet which confirm this. Additionally, the
difference might be attributed to a mis-estimation of the cosmic background, since cosmic
backgrounds tend to be more vertical with θ above 1 radian, where the data excess oc-
curs. Since the off-beam subtraction technique appropriately handles all out-of-time cosmic
backgrounds, this mis-estimation would apply only to events in which a neutrino triggered
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Figure 7.15: The distribution of length of the longest track associated with the interaction
contained within the fiducial volume for simulated backgrounds and signal (solid histograms)
overlaid with data measurements (“on-beam” minus “off-beam” drawn in purple) for the
sideband region in which reconstructed neutrino energy is less than 2.5 GeV. Statistical
error bars are drawn on the data points, taking into account statistics from both the “on-
beam” and “off-beam” samples. Below the main figure is a bin-by-bin ratio of data divided
by simulation.
the readout but a cosmic was mistakenly identified as the candidate neutrino interaction.
Again, no independent studies within MicroBooNE have yet indicated that this cosmic
background estimation is incorrect.
The last low level data to simulation comparison is the computed multiple Coulomb scat-
tering (MCS) momentum of the muon track, and is shown in Figure 7.19. This distribution
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Figure 7.16: The distribution of track multiplicity (number of tracks associated with the in-
teraction) for simulated backgrounds and signal (solid histograms) overlaid with data mea-
surements (“on-beam” minus “off-beam” drawn in purple) for the sideband region in which
reconstructed neutrino energy is less than 2.5 GeV. Statistical error bars are drawn on the
data points, taking into account statistics from both the “on-beam” and “off-beam” samples.
Below the main figure is a bin-by-bin ratio of data divided by simulation.
includes only tracks with at least one meter contained in the fiducial volume, as having
this much track visible is necessary for the MCS technique to work. In this distribution
there is a deficit of data events at higher reconstructed momenta. Since MCS momentum
is a key ingredient in computing the neutrino energy (Section 7.3), and this analysis selects
the highest energy events, this data to simulation disagreement is particularly important.
For this reason, an extensive analysis of the MCS algorithm including data to simulation
comparisons was conducted by the author of this thesis. This analysis improved the perfor-
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Figure 7.17: The distribution of φ angle (measured in radians with respect to the vertical)
of the longest track associated with the interaction for simulated backgrounds and signal
(solid histograms) overlaid with data measurements (“on-beam” minus “off-beam” drawn in
purple) for the sideband region in which reconstructed neutrino energy is less than 2.5 GeV.
Statistical error bars are drawn on the data points, taking into account statistics from both
the “on-beam” and “off-beam” samples. Below the main figure is a bin-by-bin ratio of data
divided by simulation.
mance of the algorithm, including an important change to the underlying phenomenological
formula not yet discovered by other LArTPC experiments using the MCS technique. This
analysis is expected to be published in the Journal of Instrumentation, and a description
of this analysis is included in Appendix A of this thesis. The resulting improved MCS
algorithm is the one used in the analysis described in this chapter.
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Figure 7.18: The distribution of θ angle (measured in radians with respect to the beam
direction) of the longest track associated with the interaction for simulated backgrounds and
signal (solid histograms) overlaid with data measurements (“on-beam” minus “off-beam”
drawn in purple) for the sideband region in which reconstructed neutrino energy is less than
2.5 GeV. Statistical error bars are drawn on the data points, taking into account statistics
from both the “on-beam” and “off-beam” samples. Below the main figure is a bin-by-bin
ratio of data divided by simulation.
Despite extensive studies to uncover the underlying causes of the data to simulation dis-
parities (for example the deficit of tracks at small θ angle in data and the systematic shift
downward in multiple Coulomb scattering energy in data) either to fix them or calibrate
them out without introducing new systematic errors, the differences remain. Since Micro-
BooNE is in part an R&D experiment paving the way for future LArTPC experiments,
understanding these differences are a problem that the MicroBooNE collaboration is still
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Figure 7.19: The distribution of multiple Coulomb scattering computed energy for the longest
track associated with the interaction for simulated backgrounds and signal (solid histograms)
overlaid with data measurements (“on-beam” minus “off-beam” drawn in purple) for the
sideband region in which reconstructed neutrino energy is less than 2.5 GeV. Statistical
error bars are drawn on the data points, taking into account statistics from both the “on-
beam” and “off-beam” samples. Below the main figure is a bin-by-bin ratio of data divided
by simulation. This plot has fewer entries than previous plots because only tracks longer
than 1 meter have an associated MCS momentum as described in Section 7.3.
working to solve.
The comparison of data to simulation in terms of reconstructed neutrino energy for the
sideband region with Eν < 2.5 GeV is shown in Figure 7.20. Given the clear systematic
shift in energy to lower values in data, any measurement coming from the signal region
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(which is a small tail at high energies) will have an extremely large systematic uncertainty
associated with it. This figure is zoomed in on reconstructed neutrino energies between 1.5
GeV and 2.5 GeV in Figure 7.21.
Figure 7.20: The distribution of reconstructed neutrino energy for simulated backgrounds
and signal (solid histograms) overlaid with data measurements (“on-beam” minus “off-beam”
drawn in purple) for the sideband region in which reconstructed neutrino energy is less than
2.5 GeV. Statistical error bars are drawn on the data points, taking into account statistics
from both the “on-beam” and “off-beam” samples. Below the main figure is a bin-by-bin
ratio of data divided by simulation.
For completeness, the reconstructed energy in the signal region is shown in Figure 7.22.
While the referenced SciBooNE result predicts the K+ production rate in simulation is
underestimated by a factor of 0.85 ± 0.11 [16], the underestimation of data with respect
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Figure 7.21: The distribution of reconstructed neutrino energy for simulated backgrounds
and signal (solid histograms) overlaid with data measurements (“on-beam” minus “off-beam”
drawn in purple) for the higher-energy end of the sideband region in which reconstructed neu-
trino energy is between 1.5 and 2.5 GeV. Statistical error bars are drawn on the data points,
taking into account statistics from both the “on-beam” and “off-beam” samples. Below the
main figure is a bin-by-bin ratio of data divided by simulation.
to simulation seen in this analysis is likely not indicative of incorrectly simulated kaon
production in the beam-line, but instead due to systematic detector and reconstruction
effects that have not yet been resolved.
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Figure 7.22: The distribution of reconstructed neutrino energy for simulated backgrounds
and signal (solid histograms) overlaid with data measurements (“on-beam” minus “off-beam”
drawn in purple) for the signal region in which reconstructed neutrino energy is greater than
2.5 GeV. Statistical error bars are drawn on the data points, taking into account statistics
from both the “on-beam” and “off-beam” samples. Below the main figure is a bin-by-bin
ratio of data divided by simulation.
7.6 Conclusions
This thesis chapter has presented an analysis serving as an essential first step towards mea-
suring the kaon production in the beam-line by MicroBooNE, an important measurement
used to constrain a main intrinsic νe background in the electron-like low energy excess
search described in Chapter 6. While a similar measurement was previously done by the
SciBooNE collaboration, this MicroBooNE measurement is important because it will be
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done in situ with the same detector that will search for the low energy excess. The method
used in this analysis is to select the highest energy νCCµ interactions within the detector in
order to obtain a pure sample of νµ from K
+ decay. The method was demonstrated to be
viable in order to make a measurement with comparable significance as that of SciBooNE.
As of now, some unresolved discrepancies between data and simulation prevent the analysis
from coming to fruition. These differences are still being investigated by the MicroBooNE
collaboration, and once they are understood this important analysis will proceed. Addi-
tional items left to be resolved before this kaon production systematic can be estimated in
MicroBooNE aside from understanding the aforementioned data to simulation discrepan-
cies include more thorough estimates of detector systematics, cross-section systematics, and
the unblinding of more MicroBooNE data for this analysis. All of these tasks are currently
being investigated within the MicroBooNE collaboration at the time this thesis was written.
With respect to these data to simulation discrepancies discussed in Section 7.5 above,
one of the most important discrepancies lies within the calculation of muon momentum
via multiple Coulomb scattering (MCS). Since MicroBooNE has no magnetic field, this
MCS momentum determination method is the only technique by which the momentum of a
muon that exits the TPC can be calculated, and the muons from the high neutrino energy
interactions in the kaon enriched signal sample are all exiting. A detailed study of the MCS
algorithm was conducted by the author of this thesis and has been submitted for publication
to the Journal of Instrumentation (JINST). The analysis and results associated with this
work is presented in Appendix A of this thesis.
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Chapter 8
Conclusions
Following some introductory material including a description of neutrinos and neutrino
oscillations, the liquid argon time projection technique and specifically the MicroBooNE
detector at the Fermi National Accelerator Lab, and the results and implications of the
LSND and MiniBooNE experiments, three subsequent MicroBooNE analyses have been de-
scribed. All three of these analyses are closely interconnected, and are ultimately geared
towards searching for and understanding the MiniBooNE measured low energy excess of
electromagnetic events in the MicroBooNE detector.
First, a detailed sensitivity analysis was described. It involved simulating beam neu-
trino events in the MicroBooNE detector, and using reconstruction algorithms to select
them. These algorithms included the leveraging of 3D energy deposition (dE/dx) infor-
mation to separate electrons from photons, a capability which MiniBooNE did not possess.
Additionally, MiniBooNE low energy excess public data releases were used to simulate what
the excess would look like in MicroBooNE, assuming it was induced by an excess of beam
νe interactions. Ultimately, a sensitivity was estimated for the MicroBooNE detector to
observe such a signal. The dominant background in this search was (irreducible) intrinsic
νe from both pion and kaon decay in the beam-line, and the flux uncertainty associated
with the production of these particles is large.
The first steps toward the analysis to measure the K+ production in the beam-line
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by selecting high energy νµ events was presented. This analysis constrains the significant
portion of intrinsic νe backgrounds which come from kaon decay in the beam-line. This
important measurement was initially done by the SciBooNE collaboration. Measuring the
K+ production in MicroBooNE is relevant because the MicroBooNE detector has a differ-
ent neutrino target material (argon) than SciBooNE (polystyrene), and the K+ production
measurement can be done in situ in the same detector searching for the low energy excess.
An important part of the K+ analysis involves measuring the energy of muons created
in νµ interactions which exit the detector. While measuring the energy of fully contained
muons is straightforward with calorimetric or range-based techniques, the only method
to measure that of exiting tracks is by means of multiple Coulomb scattering (MCS). A
detailed investigation into how the MCS algorithm employed by MicroBooNE works and
quantification of its performance both in data and simulation was given as an Appendix.
The future prospects for MicroBooNE are bright. As of the time this thesis was writ-
ten, the experiment has collected roughly 80% of the nominal protons-on-target agreed
to be delivered by Fermilab. While the collaboration is continuing to develop algorithms
to automatically reconstruct the data, an effort is being made to analyze data with deep
learning convolutional neural networks [37]. This may ultimately be MicroBooNE’s path
towards measuring the MiniBooNE low energy excess. Additionally, the MicroBooNE de-
tector will serve as one of three detectors in the Short Baseline Neutrino experiment [30]
which promises to deliver the most sensitive search to date for sterile neutrinos at the eV
mass-scale. This is an exciting time for precision neutrino measurements!
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Abstract: We discuss a technique for measuring a charged particle’s momentum by means of
multiple Coulomb scattering (MCS) in the MicroBooNE liquid argon time projection chamber
(LArTPC). This method does not require the full particle ionization track to be contained inside of
the detector volume as other track momentum reconstruction methods do (range-based momentum
reconstruction and calorimetric momentum reconstruction). We motivate use of this technique,
describe a tuning of the underlying phenomenological formula, quantify its performance on fully
contained beam-neutrino-induced muon tracks both in simulation and in data, and quantify its
performance on exiting muon tracks in simulation. We find agreement between data and simulation
for contained tracks, with a small bias in the momentum reconstruction and with resolutions that
vary as a function of track length, improving from about 10% for the shortest (one meter long)
tracks to 5% for longer (several meter) tracks. For simulated exiting muons with at least one meter
of track contained, we find a similarly small bias, and a resolution which is less than 15% for muons
with momentum below 2 GeV/c.
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1 Introduction and motivation
In this paper we summarize the theory of multiple Coulomb scattering (MCS) and describe how the
underlying Highland formula is retuned based on Monte Carlo simulation for use in liquid-argon
time-projection chambers (LArTPCs). We present a maximum likelihood based algorithm that is
used to determine the momentum of particles in a LArTPC. The only way to determine the mo-
mentum of a particle that exits the active volume of a LArTPC is through MCS measurements. We
demonstrate that this technique works well for a sample of fully contained muons from Booster
Neutrino Beam (BNB) νµ charged-current (CC) interactions, and determine the resolutions and bi-
ases of the measurement. In addition we demonstrate the performance of the method on simulated
exiting tracks.
MicroBooNE (Micro Booster Neutrino Experiment) is an experiment that uses a large LArTPC
to investigate the excess of low energy events observed by the MiniBooNE experiment [1] and to
study neutrino-argon cross-sections. MicroBooNE is the first detector of the Short-Baseline Neu-
trino (SBN) [2] physics program at the Fermi National Accelerator Laboratory (Fermilab), to be
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joined by two other LArTPCs: the Short Baseline Near Detector (SBND) and the Imaging Cosmic
And Rare Underground Signal (ICARUS) detector [3]. In addition to producing valuable physics
output, MicroBooNE serves as an important source of detector and reconstruction development for
future LArTPC experiments, such as the Deep Underground Neutrino Experiment (DUNE) [4].
The MicroBooNE detector [5] consists of a rectangular time-projection chamber (TPC) with
dimensions 2.6 m × 2.3 m × 10.4 m (width × height × length) located 470 m downstream from
the Booster Neutrino Beam (BNB) target [6]. LArTPCs allow for precise three-dimensional re-
construction of particle interactions. For later reference, the z axis of the detector is horizontal,
along the direction of the BNB, while the x direction of the TPC corresponds to the drift coordi-
nate and the y direction is the vertical direction. The mass of active liquid argon contained within
the MicroBooNE TPC volume is about 90 tons, out of a total mass of 170 tons.
A set of 32 photomultiplier tubes (PMTs) and three planes of TPC wires with 3 mm spacing
at angles of 0, and ± 60 degrees with respect to the vertical are used for event reconstruction. The
cathode plane operating voltage is -70 kV. As illustrated in figure 1, a neutrino in the beam inter-
acts with an argon nucleus and the charged outgoing particles traverse the medium, lose energy and
leave an ionization trail. The resulting ionization electrons drift in a 273 V/cm electric field to the
wire planes constituting the anode. The passage of these electrons through the first two wire planes
induces a signal in the wires, and their collection on the third plane also generates a signal. These
signals are used to create three distinct two-dimensional views (in terms of wire and time) of the
event. Combining these wire signals allow for full three-dimensional reconstruction of the event,
with PMT signals providing information about the absolute drift (x) coordinate. The boundaries
of the fiducial volume used in this analysis are set back from the six faces of the active volume by
distances of between 20 and 37 cm, depending on the face, to reduce the impact of electric-field
non-uniformities near the edges of the TPC. This volume corresponds to a mass of 55 tons.
The Booster Neutrino Beam (BNB) is composed predominantly of muon neutrinos (νµ) with
a peak neutrino energy of about 0.7 GeV. Some of these neutrinos undergo charged current (νµCC)
interactions in the TPC and produce muons and other particles. For muon tracks that are completely
contained in the TPC, we calculate the momentum with a measurement of the length of the parti-
cle’s track, or with calorimetric measurements which come from wire signal size measurements.
Roughly half of the muons from BNB νµCC interactions in MicroBooNE are not fully contained
in the TPC, and therefore using an established length-based or calorimetry-based method to deter-
mine the momenta for these uncontained tracks is not a possibility; the only way to determine their
momenta is through MCS.
2 Multiple Coulomb scattering
Multiple Coulomb scattering occurs when a charged particle traverses a medium and undergoes
electromagnetic scattering off atomic nuclei. This scattering perturbs the original trajectory of the
particle within the material (figure 2). For a given initial momentum p, the angular deflection scat-
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Figure 1. A diagram of the time projection chamber of the MicroBooNE detector [5]. PMTs (not shown)
are located behind the wire planes.
ters of a particle in either the x′ direction or y′ direction (as indicated in the aforementioned figure)
















where β is the ratio of the particle’s velocity to the speed of light (assuming the particle is a muon),
` is the distance traveled inside the material, z is the magnitude of the charge of the particle (unity,
for the case of muons), and X0 is the radiation length of the target material (taken to be a constant
14 cm in liquid argon). S2 and  are parameters determined to be 13.6 MeV and 0.038, respectively.
In this study, a modified version of the Highland formula is used that includes a detector-inherent
angular resolution term, σreso
σo =
√
(σHLo )2 + (σreso )2. (2.2)
For this analysis, the σreso term is given a fixed value of 3 mrad which has been determined to be
an acceptable value based on MicroBooNE simulation studies of muons at higher momenta. At
4.5 GeV/c muon momentum and l ≈ X0, equation 2.1 predicts an RMS angular scatter of 3 mrad,
comparable to the detector resolution. The fully contained muons addressed in this analysis have
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momenta below 1.5 GeV/c, making the impact of this detector resolution minimal for that sample.
With the Highland formula, the momentum of a track-like particle can be determined using
only the 3D reconstructed track information, without any calorimetric or track range information.
In neutrino physics experiments, emulsion detectors like those employed by the DONUT [9] and
OPERA [10] collaborations have used MCS to determine particle momenta. Additionally, the
MACRO [11] collaboration at Gran Sasso Laboratory utilized this technique. For LArTPCs, the
ICARUS collaboration has described the MCS-based determination of particle momentum using
a variety of methods [12, 13]. The likelihood-based method discussed in this paper for use in the
MicrobooNE detector and described in detail in section 3, has improved on the ICARUS method















Figure 2. The particle’s trajectory is deflected as it traverses the material. The angular scatter in the labeled
x′ direction is shown as θx .
2.1 Tuning the Highland formula for argon
The Highland formula as written in equation 2.1 originates from a 1991 publication by G. R. Lynch
and O. I. Dahl [8]. The parameters in the equation (S2 and ) were determined using a global fit
to MCS simulated data using a modified GEANT simulation package of 14 different elements and
7 thickness ranges. All of the simulated particles were relativistic, with β = 1. The materials
studied ranged from hydrogen (with Z=1) to uranium (with Z=92). Given that the parameters in
the formula were determined from a single fit to a wide range of Z with a wide range of mate-
rial thicknesses, there is reason to believe that these parameters could differ for scattering specif-
ically in liquid argon with l ≈ X0. There is also reason to believe that these parameters might be
momentum-dependent for particles with β < 1, which is the case for some of the contained muons
in this analysis.
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In order to re-tune these parameters for liquid argon, a large sample of muons are simulated
with GEANT41 [14] in the MicroBooNE TPC and their true angular scatters are used in a fit,






The S2 parameter in equation 2.3 is fit for as a function of true muon momentum at each scatter,
in order to explore the β dependence of this parameter. The fitted parameter value as a function of
true momentum is shown in figure 3.
Figure 3. Fitted Highland parameter S2 as a function of true segment momentum for ` = X0 simulated
muons in the MicroBooNE LArTPC. Blue x- error bars indicate the true momentum bin width with data
points drawn at the center of each bin. Shown in red is a fit to these data points with functional form
a × p−2 + c, with best fit values for parameters a and c shown in the legend.
The fitted value of S2 is always less than the nominal 13.6 MeV for momentum greater than
0.25 GeV/c and asymptotically approaches a constant at higher momentum (where β = 1) of about
11.0 MeV. The value increases in the momentum region where β < 1. Shown in red is a fit to
these data points with functional form a × p−2 +c, with best fit values for floating parameters a and
c being 0.105 MeV3c−2 and 11.004 MeV respectively. This functional form is chosen because it
captures the trend in the fit value of S2 with respect to momentum, and asymptotically approaches
a constant value when β approaches 1. This function, used as a replacement for the S2 parameter




MeV3c−2 + 11.004 MeV. (2.4)
1The GEANT4 version used in this simulation is 4.9.6.
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To visualize the Highland formula for ` = X0 both before and after the κ(p) replacement,
see figure 4. It is recommended that future LArTPC experiments use this parameterization of the
Highland formula, or at the very least conduct their own studies to tune the Highland formula for
scattering in argon. This formulation can also be checked in LAr-based test-beam experiments such
as LArIAT [15].
Figure 4. The Highland scattering RMS σHLo for 14 cm segment lengths and σreso = 0 as a function of
true momentum before and after tuning. In red is shown equation 2.3 (the nominal Highland formula using
S2 = 13.6 MeV) and in blue is the retuned Highland formula (replacing S2 with κ(p)).
With ` = X0, the form of the Highland equation used in this analysis is therefore
σRMSo =
√





+ (σreso )2. (2.5)
3 MCS implementation using the maximum likelihood method
This section explains in detail how the phenomenon of multiple Coulomb scattering is used to
determine the momentum of a muon track reconstructed in a LArTPC. In general, the approach is
as follows:
1. The three-dimensional track is divided into segments of configurable length.
2. The scattering angles between consecutive segments are measured.
3. Those angles combined with the modified, tuned Highland formula (equation 2.5) are used
to build a likelihood that the particle has a specific momentum, taking into account energy
loss in upstream segments of the track.
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4. The momentum corresponding to the maximum of the likelihood is chosen to be the MCS-
computed momentum.
Each of these steps is discussed in detail in the following subsections.
3.1 Track segmentation and scattering angle computation
Track segmentation refers to the subdivision of three-dimensional reconstructed trajectory points of
a reconstructed track into portions of definite length. In this analysis, the tracks are automatically
reconstructed by a projection matching algorithm [16] run on the output of MicroBooNE’s Pandora-
based neutrino event reconstruction chain [17]. The algorithm constructs the three-dimensional
trajectory points by combining two-dimensional hits reconstructed from signals on the different
wire planes along with timing information from the photomultiplier tubes. The segmentation pro-
cess begins at the start of the track, and iterates through the trajectory points in order, defining
segment start and stop points based on the straight-line distance between them. There is no overlap
between segments. Given the subset of the three-dimensional trajectory points that corresponds to
one segment of the track, a three-dimensional linear fit is applied to the data points, weighting all
trajectory points equally in the fit. In this analysis, a segment length of 14 cm is used, which is a
tunable parameter that has been chosen as described in the derivation of κ(p) (equation 2.4).
With the segments defined, the scattering angles between the linear fits from adjacent segments
are computed. A coordinate transformation is performed such that the z′ direction is oriented along
the direction of the linear fit to the first of the segment pair. The x′ and y′ coordinates are chosen
such that all of x′, y′, and z′ are mutually orthogonal and right-handed, as shown in figure 2. The
scattering angles with respect to the x′ direction and the y′ direction are computed as input to the
MCS algorithm. Only the scattering angle with respect to the x′ direction is drawn in figure 2.
3.2 Maximum likelihood theory
The normal probability distribution for a scattering angle in either the x′ or y′ direction, ∆θ, with
an expected Gaussian uncertainty σo and mean of zero is given by









Here, σo is the RMS angular deflection computed by the modified, tuned Highland formula
(equation 2.5), which is a function of the momentum and the length of that segment. Since energy
is lost between segments along the track, σo increases for each angular measurement along the
track. We therefore replace σo with σo, j , where j is an index representative of the segment.
To obtain the likelihood, we take the product of fX (∆θ j ) over all n of the ∆θ j segment-to-
segment scatters along the track. This product can be written as
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Rather than maximizing the likelihood it is more computationally convenient to instead min-
imize the negative log likelihood. Inverting the sign and taking ln(L) gives an expression that is
related to a χ2 variable:
− l (σo,1, ...,σo,n;∆θ1, ...,∆θn ) = − ln(L) = n2 ln(2pi) +
n∑
j=1










3.3 Maximum likelihood implementation
Given a set of angular deflections in the x′ and y′ directions for each segment as described in
section 3.1 a scan is done over the postulated initial energy, Et , in steps of 1 MeV up to 7.5 GeV.
The step with the smallest negative log likelihood (equation 3.3) is chosen as the MCS energy.
Equation 3.3 includes a σo, j term that changes for consecutive segments because their associated
energy is decreasing. The energy of the jth segment is related to Et by
E j = Et − ∆E j , (3.4)
where ∆E j is the energy loss upstream of this segment, computed by integrating the muon stopping
power curve given by the Bethe-Bloch equation described by the Particle Data Group (PDG) [18]
along the length of track upstream of this segment. Equation 3.4 introduces a minimum allowable
track energy determined by the range of the track, as E j must remain positive. The use of the
Bethe-Bloch equation to determine ∆E j impacts the MCS algorithm resolution for fully contained
tracks, but does not for exiting tracks where much of the ionization energy loss is not visible. This
value of segment energy, E j , is converted to a momentum p with the relativistic energy-momentum
relation assuming the muon mass, and is then used to predict the RMS angular scatter for that
segment (σo) by way of equation 2.5.
4 Range-based energy validation from simulation
In order to quantify the performance of the MCS energy estimation method on fully contained
muons in data, an independent determination of energy is needed. Range-based energy, Erange is
used here because the true energy Etrue will not be known in analyzing detector data. The stopping
power of muons in liquid argon is well described by the continuous slowing-down approximation
(CSDA) by the Particle Data Group, and agrees with data at the sub-percent level [19–21]. By
using a linear interpolation between points in the stopping power table of ref. [20], the length of a
track can be used to reconstruct the muon’s total energy with good accuracy. A simulated sample of
fully contained BNB neutrino-induced muons longer than one meter is used to quantify the bias and
resolution for the range-based energy estimation technique. The range is defined as the straight-
line distance between the true starting point and true stopping point of a muon, even though the
trajectories are not perfectly straight lines. The bias and resolution are computed in bins of true
total energy of the muons by fitting a Gaussian function to a distribution of the fractional energy
difference (ERange − ETrue)/(ETrue) in each bin. The mean of each Gaussian yields the bias for
that true energy bin, and the width indicates the resolution. Figure 5 shows the bias and resolution
for the range-based energy reconstruction method. The bias is less than 1% and the resolution
for this method of energy reconstruction increases slightly with true muon energy but remains on
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Figure 5. Range-based energy fractional bias (top) and resolution (bottom) from a sample of simulated fully
contained BNB neutrino-induced muons using true starting and stopping positions of the track. The bias is
less than 1% and the resolution is below ≈4%.
the order of (2-4)%. This result demonstrates that range-based energy (and therefore range-based
momentum) is a good estimator of the true energy (momentum) of a reconstructed contained muon
track in data, assuming that the track is well reconstructed in terms of length.
– 9 –
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5 MCS performance on beam neutrino-induced muons in MicroBooNE data
5.1 Input sample
This part of the analysis is based on triggered neutrino interaction events in MicroBooNE data
corresponding to ≈ 5 × 1019 protons on target, which is a small subset (<10%) of the nominal
protons on target scheduled to be delivered to the detector. These events are run through a fully
automated reconstruction chain that produces reconstructed objects including three-dimensional
neutrino interaction points (vertices), three-dimensional tracks (as described in section 3.1) for
each outgoing secondary particle from the interaction, and PMT-reconstructed optical flashes from
the interaction scintillation light. The fiducial volume used in this analysis is defined in section 1.
5.2 Event selection
The following selection criteria are placed on the reconstructed objects to select νµ charged-current
interactions in which a candidate muon track exiting the interaction vertex is fully contained within
the fiducial volume:
1. The event must have at least one bright optical flash, reconstructed from PMT timing signals,
in coincidence with the expected BNB-neutrino arrival time.
2. Two or more reconstructed tracks must originate from the same reconstructed vertex within
the fiducial volume.
3. The z coordinate of the optical flash, as determined by the pulse height and timing of signals
in the 32 PMTs, must be within 70 cm of any point on the z projection of the candidate muon
track.
4. For events with exactly two tracks originating from the vertex, additional calorimetric criteria
are applied to mitigate backgrounds from cosmic muons that arrive in time with the passage
of the beam, then stop and decay to an electron that is reconstructed as a track.
5. The longest track originating from the vertex is assumed to be a muon, and it must be fully
contained within the fiducial volume.
6. The length of the longest track must be >1 m in order to have sufficient sampling points in
the MCS likelihood to obtain a reasonable estimate of momentum.
These selection criteria are chosen to select a sample of tracks with high purity. In this sample
of MicroBooNE data, 598 events (tracks) remain after all selections. The low statistics in this
sample is due to the size of the input sample and the low efficiency associated with the applied
high-purity selection, described in section 5.1. Each of these events (tracks) was scanned by hand
with a 2D interactive event display showing the raw wire signals of the interaction from each wire
plane, with the 2D projection of the reconstructed muon track and vertex overlaid. The scanning
was done to ensure the track is well reconstructed with start point close to the reconstructed vertex
and end point close to the end of the visible wire-signal track in all three planes. During the
scanning, obvious mis-identification topologies were removed. An example of such a topology is a
stopping cosmic-ray muon decaying into an electron. After rejecting events (tracks) based on hand
scanning, 396 tracks remain for analysis.
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5.3 Validation of the Highland formula
The Highland formula indicates that distributions of angular deviations of the track, segment by
segment, in both the x′ and y′ directions divided by the width predicted from the Highland equation
σRMSo (equation 2.5) should be Gaussian with a width of unity. In order to calculate the momentum
p in the Highland equation, p for each segment is computed with equation 3.4, where Et comes
from the converged MCS-computed momentum of the track. For each consecutive pair of segments
in this sample of 396 tracks, the angular scatter divided by the Highland expected RMS (including
detector resolution term, σreso ) is an entry in the area-normalized distribution shown in figure 6.
These 396 tracks have on average 12 segments each, therefore this histogram has approximately
396 × 12 × 2 = 9504 entries. The additional factor of 2 comes from angular scatters both in the x′
and y′ directions. The distribution has an RMS of unity, thus validating the MCS technique used
in this analysis.
Figure 6. Segment-to-segment measured angular scatters in both the x′ and y′ directions divided by the
width σRMSo predicted by the Highland formula (equation 2.1) for the automatically selected beam neutrino-
induced fully contained muon sample in MicroBooNE data after hand scanning to remove poorly recon-
structed tracks and obvious mis-identification topologies.
5.4 MCS momentum validation
MCS momentum versus range-based momentum for this sample of 396 tracks is shown in figure
7. The fractional bias and resolution as a function of range-based momentum for this sample is
shown in figure 8. In order to compute this bias and resolution, distributions of fractional inverse
momentum difference (p−1MCS − p−1Range)/(p−1Range) in bins of range-based momentum pRange are fit
to Gaussian functions, where the mean of the fit determines the bias while the width of the fit
determines the resolution for that bin. Inverse momentum is used here because the binned distri-
butions are more Gaussian since the Highland formula measures inverse momentum in terms of
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track angles that have reasonably Gaussian errors. Simply using the mean and RMS of the binned
distributions yields similar results. Also shown in this figure are the bias and resolutions for a sim-
ulated sample consisting of a full BNB simulation with CORSIKA-generated [22] cosmic overlays
passed through an identical reconstruction and event selection chain. Rather than hand scanning
this sample, true simulation information is used by requiring the longest reconstructed track to be
matched well to the true starting and stopping point of the muon from the νµCC interaction. This
removes any mis-identifications or interference from the simulated cosmics.
Figure 7. MCS-computed momentum versus range momentum for the automatically selected beam
neutrino-induced fully contained muon sample in MicroBooNE data after hand scanning to remove poorly
reconstructed tracks and obvious mis-identification topologies. The color (z) scale indicates number of
tracks.
Figure 8 indicates a bias in the MCS momentum calculation on the order of a few percent, with
a resolution that improves from about 10% for contained reconstructed tracks in data and simula-
tion with range momentum around 0.45 GeV/c (which corresponds to a length of about 1.5 m) to
below 5% for contained reconstructed tracks in data and simulation with range momentum about
1.15 GeV/c (which corresponds to a length of about 4.6 meters). Resolution improving with length
of track is expected; the longer the track, the more angular scattering measurements can be made
to improve the likelihood. The bias and resolutions show reasonable agreement between data and
simulation.
5.5 Impact of Highland formula tuning
In order to examine the impact of the Highland formula tuning described in section 2.1, the frac-
tional bias and resolution on the simulated sample of contained muons described in section 5.4 both
with the nominal Highland formula (equation 2.2) and with the retuned Highland formula (equation
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Figure 8. Inverse momentum difference (as defined in the text) fractional bias (top) and resolution (bottom)
for automatically selected contained νµCC-induced muons from full simulated BNB events with cosmic
overlay where the track matches with the true muon track (blue), and automatically selected and hand-
scanned (see text) contained νµCC-induced muons from MicroBooNE data (green).
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Figure 9. Inverse momentum difference (as defined in the text) fractional bias (top) and resolution (bottom)
for automatically selected contained νµCC-induced muons from full simulated BNB events with cosmic
overlay where the track matches with the true muon track both using the nominal Highland formula (equation
2.2) (red) and the retuned Highland formula (equation 2.5) (blue).
2.5) are shown in figure 9. Tuning the Highland formula improves the magnitude of the fractional
bias to below 2%, and improves the fractional resolution by (2-3)%, with the most improvement at
the lowest momenta.
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6 MCS performance on exiting muons in MicroBooNE simulation
In this section we quantify the MCS algorithm performance on a sample of well reconstructed exit-
ing muon tracks in simulated BNB νµCC interactions within the MicroBooNE detector. The tracks
are automatically reconstructed by the same Pandora algorithm as described in section 3.1, and all
tracks have a length of at least 1 m within the TPC. This simulation does not include space-charge
effects. Approximately half of muons from νµCC interactions within the specified fiducial vol-
ume exit the TPC, and about two thirds of those muons have at least one meter of track contained
inside of the TPC. The relationship between the MCS and the true momenta at the beginning of
the track as given by simulation for this sample of 28,000 exiting muon tracks is shown in figure 10.
Figure 10. MCS-computed momentum versus true momentum for the sample of simulated exiting muons
from BNB νµCC interactions in MicroBooNE with at least one meter of track contained within the TPC.
The color (z) scale indicates number of tracks.
The distribution of (p−1MCS − p−1true)/(p−1true) is shown for four representative bins of true momen-
tum in figure 11, along with the Gaussian fit to each distribution. Low-momentum tails where the
MCS momentum is underestimated due to poor track reconstruction lie outside the fitted Gaussian
function.
The fractional bias and resolution as a function of true momentum are shown in figure 12. The
bias is below 4% for all momenta, and the resolution is ≈ 14% in the relevant momentum region
for muon from the BNB νµCC interactions (below 2 GeV/c muon momentum). The resolution
worsens for muon momenta above this region because the angular scatters begin to be comparable
with the detector resolution term of 3 mrad. The resolution improves for longer lengths of track
contained, with 10% resolution for muons with p < 2 GeV/c with more than 3.5 meters contained.
– 15 –
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Figure 11. Fractional momentum difference for a few representative bins of true momentum for a sample of
simulated exiting muon tracks. The y-axis is number of tracks, and the x-axis is (p−1MCS − p−1true)/(p−1true).
The mean length of track contained for muons in this analysis is 212 cm.
7 Conclusions
We have described a multiple Coulomb scattering maximum likelihood method for estimating the
momentum of a three dimensional reconstructed track in a LArTPC and have provided motivation
for development of such a technique. Using simulation, we have shown that the standard Highland
formula should be re-tuned specifically for scattering in liquid argon. After validating range-based
momentum-determination techniques with MicroBooNE simulation, we have demonstrated the ac-
curacy and precision of the MCS-based momentum reconstruction in MicroBooNE data by com-
paring its performance to the range-based method. For 398 fully-contained BNB νµCC-induced
muons, the MCS method exhibits a fractional bias below 3% and a momentum resolution below
10%, agreeing with simulation predictions. Using simulation of a separate sample of uncontained
muon tracks in MicroBooNE with at least one meter contained in the active volume, the MCS-based
reconstruction is shown to produce a fractional bias less than 4% and a momentum resolution of
better than 15% for muons in the relevant BNB energy region of below 2 GeV.
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Figure 12. MCS momentum fractional bias (top) and resolution (bottom) as a function of true momentum
from a sample of exiting reconstructed muon tracks.
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